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The Waipori goldfield was discovered in 1861 on the southeast side of the Otago Schist belt in the 
area surrounding Lake Mahinerangi. Accurate historical records are not available but it is 
estimated the goldfield produced approximately 6000 oz of gold at 0.5 oz per ton. The general area 
is currently being explored for orogenic style gold deposits. The historic workings and vein 
systems are hosted in lower greenschist facies, textural zone TZIII, Caples Terrane schist. 
Mineralised veins are hosted in a variety of well defined, high angle (45o-90o), east-west, north-
south and northwest-southeast striking faults that cut the low-lying (8o-48o) metamorphic schist 
foliation at high angles. A conjugate set of faults, consisting of large regional faults and small 
discontinuous fault hosted quartz veins, occur across Waipori, striking north-south and east-west. 
Orientations of pre-existing post-metamorphic joints may control the orientations of a few normal 
faults across Waipori. Historically mined veins typically consist of variably mineralised white 
quartz veins and silicified breccias. Fault drag and warping of the schist foliation adjacent to veins 
indicates a normal sense of fault displacement. Quartz veins consist of euhedral prismatic syntaxial 
comb structure quartz that is commonly zoned and has grown approximately perpendicular to vein 
margins. The quartz veins contain pyrite, arsenopyrite and locally visible free gold grains. SEM-
EDS analysis has identified micro-particulate gold grains in arsenopyrite as well as minor amounts 
of scheelite, chalcopyrite, galena and silver. Stibnite and cinnabar are also observed in quartz and 
calcite veins at some localities. Gold was likely transported in a fluid solution attached to ligands 
as bisulphide complexes such as AuHS° or Au(HS)2
-. Fluid temperatures are estimated to be 
<300°C. The gold is composed of a gold ± silver ± mercury alloy. Gold compositions form two 
populations at Cox’s, North O.P.Q., Nuggety Gully, and Waitahuna Heights lodes. The two 
populations likely represent measurements from the core and the edges/rims of gold grains or two 
separate types of gold; primary hypogene and secondary supergene. Paragenesis of vein systems 
involves two main stages. Steeply-dipping fault zones were infilled with gold ± stibnite ± scheelite 
± cinnabar-bearing quartz and/or calcite veins in the first stage. This was then followed by fault 
reactivation in some lodes, producing fault gouge and fractures that are typically infilled with 
calcite. Later oxidation of sulphides such as arsenopyrite and pyrite has liberated refractory gold 
and some of this gold may have been remobilised and/or grown in situ to form supergene gold 
grains in the near surface environment. Steep normal faulting, prismatic quartz, open space filling 
textures, and minerals that are usually associated with shallow emplacement, cinnabar and stibnite, 
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suggest the veins were emplaced at relatively shallow levels (<6 km), in an extensional setting, 
similar to other Otago deposits such as Nenthorn, Oturehua and Barewood. The Waipori deposits 
are correlated with a pulse of mineralisation that is thought to have occurred during a period of 
extension in the middle Cretaceous. 
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Chapter One: Introduction 
1.1 Introduction 
The Otago Schist belt, in the South Island of New Zealand, is well known as an important host for 
gold mineralisation since gold was first discovered along its southern margins near Gabriels Gully 
over 150 years ago (Still 1941, 2005). With the discovery at Gabriels Gully in 1860, the great 
Otago gold rush was initiated. Soon after in 1861, a series of hard-rock gold deposits were 
discovered at Waipori by prospectors on the way to the alluvial fields (Still 1941, 2005). Despite 
the Waipori goldfield’s close proximity to this large alluvial gold deposit (0.5 million ounces Au; 
Craw et al. 2016), modern exploration for hard-rock gold deposits has concentrated on the 
northeastern margin of the schist belt where the better known historic workings of central and east 
Otago are located, especially near the currently active Macraes mine (>10 million ounce Au 
resource; Goodwin et al. 2017). This lack of exploration interest in the southeast side of the Otago 
Schist belt has been partly attributed to the poorer exposure here (MacKenzie & Craw 2016). As 
a result, very little is known about the structural framework of the historic Waipori gold deposits. 
This thesis aims to study these historic deposits in order to characterise the mineralised veins at 
Waipori, and establish their structural setting so that they may be compared to the more well-
known Otago gold deposits of Macraes, Barewood and Nenthorn.  
 
The specific work programme planned for this study includes:  
1. Mapping regional metamorphic structures in the schist and mapping pit walls in the old 
workings.  
2. Conducting detailed analysis of samples, identifying the ore-bearing minerals, the alteration 
minerals and establishing a mineral and structural paragenesis.  





1.2 Location and Physiography 
The field area (125 km2) encompasses the old Waipori goldfields. The Waipori goldfield is located 
to the north and south of Lake Mahinerangi (Fig 1.1). This is about 60 km west of Dunedin, New 
Zealand. Within this area lies a once productive gold mining site, as well as old copper and 
cinnabar workings. Approximately 70 old gold workings existed within the host Otago Schist in 
the surrounding Waipori area, with a number still accessible today. The area lies on smooth hilly 
farm land cut by rivers and streams forming many incised gullies across the land (Fig. 1.2). Rivers 
are filled with alluvial gravels and boulders, consisting of the Otago Schist, quartz and alluvial 
gold. Rainfall and erosion have produced the landscape observed today. Some old mining tails, 
adits and shafts remain exposed in areas, but many are naturally infilled and overgrown by the 
surrounding farm land, alluvial gravels, lakes and rivers. In general, outcrop exposure is very poor 
across the area.  
 
 
Figure 1.1: Location map showing the field area, approximate location of lodes (red) to the north and 




Figure 1.2: Field photo of the Waipori area looking north towards Lake Mahinerangi. The landscape 
consists of smooth, hilly farm land, cut by rivers and streams. 
 
1.3 Field and Lab Work 
The fieldwork consisted of mapping and sampling operations in and around the historic orogenic 
gold lodes of the Waipori goldfield. The areas were accessed through gravel 4WD tracks and roads 
on land owned by the Dunedin City Council (DCC), City Forests, and Landcorp’s Waipori Station 
and Thornicroft Station. Exposures in the field included adits and fresh outcrop on farmland and 
stream banks. Ten days were spent in the field during March and April 2017. The bulk of the 
fieldwork was spent at the Antimony, Cox’s, Devils Creek, North O.P.Q., Nuggety Gully, Waipori 
Station and Waitahuna Heights lodes. Samples along with structural measurements were collected. 
The samples were examined by standard plane polarised and cross polarised light petrographic 
techniques, and with a Zeiss Sigma VP FEG scanning electron microscope (SEM) fitted with a 
HKL INCA premium synergy integrated electron dispersive spectroscopy analytical attachment 
(EDS; University of Otago Centre for Electron Microscopy). Gold was extracted from 
crushed/powdered quartz vein and silicified schist samples and concentrated with standard gold 
panning techniques. The textures of gold particles were examined by SEM-EDS. Gold 
compositions were obtained from unpolished grains using SEM-EDS spot analysis using Au-Ag 




1.4 Waipori Goldfield 
The Waipori goldfield is located to the north and south of Lake Mahinerangi. The biggest mine in 
the area was O.P.Q. (Fig. 1.3). This was discovered in 1861, yielding 1200 ounces (oz) of gold 
(Still 1941). A number of quartz reef mines in the Waipori area have been discovered and 
excavated since (Fig. 1.5), such as A.B.C., Canton (Fig. 1.4), Cosmopolitan, Cox’s, Devils Creek, 
Victory and Deep Stream. Although generally small producers, gold, scheelite and stibnite were 
worked at a number of sites (Anon 1966; Riley & Coleman 1972). Near Waitahuna, copper and 
mercury was also located and worked (MacDonell & Associates 1997). 
 
 
Figure 1.3: Abandoned O.P.Q. mine shaft. Photo taken from the waste pile. 
 
 




Figure 1.5: An old map produced by Lime and Marble Ltd of the Waipori goldfield. Adapted from Riley 
and Coleman (1972). 
 
Gold lodes at Waipori are narrow crush zones, infilled with quartz, in the Otago Schist. Lodes 
transect the schist foliation and dip steeply. They strike up to 2 km with widths up to 7 m (Anon 
1966; Kerber 1988; Grieve 1994). Production of the goldfield is estimated at 6000 oz of gold at 
approximately 0.5 oz per tonne (Anon 1966; Still 1941, 2005). Aside from early prospecting from 
the 1860’s to 1920’s, the area has only had sporadic exploration for hard rock Au-Sb-W in recent 
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times (Riley & Coleman 1972; Kerber 1988; Grieve 1994). Alluvial gold is, however, still actively 
prospected around Lake Mahinerangi. 
 
1.5 Mining and Exploration History  
1.5.1 Introduction 
Past reports by Anon (1966), Riley and Coleman (1972), Grieve (1994), and MacDonell and 
Associates (1997) state that most of the Waipori area is composed of strongly foliated 
quartzofeldspathic psammitic-pelitic Otago Schist, with minor metabasaltic greenschist horizons. 
Regional metamorphism has occurred up to chlorite zone greenschist facies. Schists in the area 
generally strike northwest, dipping east 30o. Waipori lodes transect the schist foliation with 
sporadic quartz infillings in crushed zones, as with other gold bearing reefs in Otago. Lodes mainly 
contain mesothermal Au, with minor Ag, Sb and W. Cu and Hg can also be found further south 
near Waitahuna Heights. To the south of Lake Mahinerangi also lies non-marine conglomerate 
and sandstone of Pliocene age (Marshall 1918; Coombs et al. 1976; Grieve 1994). 
 
1.5.2 Waipori 
Previous exploration of the Waipori area has shown narrow, high angle normal fault zones occur 
with brecciation and localised marginal shearing along the limbs of regional plunging antiforms in 
the Otago Schist. Fault zones contain quartz hosted As ± Au ± Hg ± Sb ± W mineralisation (Anon 
1966; Grieve 1994). Large lodes in the Waipori region include O.P.Q., Bella’s, Cox’s and 
Cosmopolitan. Small lodes, worked and found to pinch out eventually, include A.B.C., Nuggety 
Gully, Deep Creek, Cemetery, Burtenshaws, Sandaggers, Fulton’s, Bucks, Fiddlers and Upper 
Nardoo (Fig. 1.5). These lodes have not revealed spectacular geochemical anomalies (Riley & 
Coleman 1972; Kerber 1988; Grieve 1994). Bootlemans lode in Deep Stream yielded promising 
tungsten assays from sediments, with a good tungsten anomaly in soil horizons (Riley & Coleman 
1972). Areas seen as the best prospects for zones of multiple fracture hosted quartz-Au 
mineralisation, based on outstanding grid soil sampling results and the discovery of minor 
mineralising structures, include the Antimony-Bucks-Fultons area, compared to Bella’s and 
Cosmopolitan-Cox’s areas (Anon 1966; Riley & Coleman 1972; Coombs et al. 1976; Kerber 1988; 




Soil samples near Antimony, Bella’s and Cox’s-Cosmopolitan lodes have been surveyed by Kerber 
(1988) and Grieve (1994). Ore minerals identified are free gold, stibnite and sphalerite. Subhedral 
to anhedral free gold is associated with quartz and arsenopyrite, occurring as inclusions. Small 
amounts of scheelite have also been found in the Antimony lode (Grieve 1994). For Bella’s lode 
and the Antimony lode, a generalised alteration and ore mineral paragenesis has been produced. 
This involves A) an early, first stage shearing/brecciation and wall rock alteration, resulting in the 
precipitation of quartz + sericite/illite + pyrite + arsenopyrite + (free gold ± sphalerite), and B) a 
later, second stage fracturing-dilation/deposition event precipitating quartz ± sericite ± pyrite (± 
stibnite ± scheelite ± trace amounts of chalcopyrite) (Grieve 1994). In the Antimony lode, stibnite 
can be found resealing residual cavities in early shear/breccia quartz zones. The majority of 
subhedral to euhedral stibnite is, however, intergrown with second stage, massive, medium-coarse 
grained quartz. Trace amounts of chalcopyrite can be found as inclusions within stibnite. Scheelite 
is observed to be associated with stibnite. It was expected wall rock alteration would not extend 
far beyond brecciated and sheared zones due to low permeability of the host regionally 
metamorphosed schist (Riley & Coleman 1972; Kerber 1988; Grieve 1994).  
 
1.5.3 Waitahuna Heights 
The discovery of alluvial cinnabar near Waipori gold workings was followed by the discovery of 
a cinnabar bearing vein near Waitahuna Hill in 1899. This was worked in 1901. A second parallel 
surface lode, striking northwest, was discovered in 1902 (Marshall 1918; MacDonell & Associates 
1997). 
 
1.6 Future Prospects 
Although previous prospecting studies have not revealed much of significance, the Waipori region 
could still be an important site for further investigation. On the northern margin of the Otago Schist 
belt lies the Hyde-Macraes Shear Zone (HMSZ). This regional structure lies within lower 
greenschist facies schist (Craw 2002; Mortensen et al. 2010; MacKenzie & Craw 2016). The 
HMSZ has produced the >10 million ounce deposit (Goodwin et al. 2017). This is the site of the 
Macraes gold mine, currently being mined by OceanaGold (NZ) Ltd. The southern margin of the 
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Otago Schist belt consists of lower greenschist facies and is similar to the schist hosting the 
Macraes deposit on the northern margin (MacKenzie & Craw 2016). Some alluvial gold in 
Southland consists of coarse, irregularly shaped particles intergrown with prismatic quartz. Thus, 
they may be from an undiscovered basement hydrothermal source on the southern flank of the 
schist belt (Craw et al. 2016). Resistivity and conductivity data in the southern flank of the schist 
belt reveal a complex structure, with conductivity lineaments similar to those in the northeastern 
flank of the schist belt (MacKenzie & Craw 2017). This southern flank of the schist belt could 
therefore be more prospective area than the core of the schist for large orogenic gold deposits 
(Craw et al. 2016; MacKenzie & Craw 2016, 2017).  
 
1.7 Abbreviations  
alb = albite apy = arsenopyrite bar = barite Ag = silver O = oxygen 
ank = ankerite bol = boulangerite Fe-ox = iron oxide As = arsenic Pb = lead 
apa = apatite cin = cinnabar kao = kaolinite Au = gold S = sulfur 
cal = calcite cob = cobaltite rom = romeite Ba = barium Sb = antimony 
chl = chlorite cpy = chalcopyrite sbc = stibiconite C = carbon Se = selenium 
epi = epidote fer = ferberite sco = scorodite Ca = calcium Ti = titanium 
mus = muscovite gal = galena trp = tripuhyite Cd = cadmium W = tungsten 
phe = phengite ger = gersdorffite  Co = cobalt Zn = zinc 
plag = plagioclase pyr = pyrite  Cu = copper  
qtz = quartz sche = scheelite  Fe = iron Fol. = foliation 
rut = rutile sph = sphalerite  H = hydrogen Jt. = joint 
sid = siderite stb = stibnite  Hg = mercury Lin. = lineation 
tita = titanite tetr = tetrahedrite  Mo = molybdenum  




Chapter Two: Background Geology 
2.1 Orogenic Gold Deposits 
Orogenic gold deposits are found all across the world, forming throughout Earth’s history (Fig. 
2.1) (Goldfarb et al. 2001). Much of the world’s gold originates from orogenic, or so-called 
mesothermal, gold deposits. Giant gold systems, >500 tonnes of gold, have developed, on an 
orogen-scale during defined periods of lithospheric growth at continental margins, from the Late 
Archaen to Phanerozoic (Bierlein et al. 2006). Gold is widely found in old cratonic blocks and 
Phanerozoic mobile belts. Subducted oceanic or thin continental lithosphere produce deformed 
and metamorphosed orogens. Thermal events during orogenesis are likely to produce gold deposits 
(Goldfarb et al. 2001; Bierlein et al. 2006). It is estimated there is over one billion ounces of gold 
in Phanerozoic orogenic gold deposits worldwide (Goldfarb et al. 2001).  
 
 
Figure 2.1: Map showing the location of 23 giant orogenic gold deposits around the world. Ages of each 
deposit have been noted as either Precambrian in origin, Paleozoic or Mesozoic and Tertiary. Adapted 




Orogenic gold deposits are characteristically hosted by metamorphic greenschist facies schist belts 
consisting of metamorphosed sediments accreted at convergent tectonic margins above a 
subduction zone. They are formed by low salinity CO2-rich hydrothermal ore fluids percolating 
through large-scale compressional to transpressional structures, such as faults, in the crust as a 
result of metamorphic processes through the evolution of metamorphic belts. Middle to upper 
crustal pressures of 1-5 kbar (kilobars) and temperatures of about 200-650oC (degrees Celsius) 
produce mineralised lodes (Goldfarb et al. 2001). Deposits tend to occur in, but are not limited to, 
greenschist facies metamorphic belts with abundant quartz-carbonate veins. Archean orogenic 
deposits are typically hosted in greenstone belts dominated by metabasic rocks in Archaean 
cratons, while most Phanerozoic orogenic deposits are in metasedimentary schist belts (Goldfarb 
et al. 2001; Bierlein et al. 2006). 
 
An orogenic gold deposit is a distinctive type of mineral deposit characterised by its geological 
and geochemical features. Regional fluids related to tectonism along convergent margins produce 
hydrothermal systems throughout orogens. Gold-bearing porphyry deposits and epithermal gold-
bearing veins also exist in orogens. These deposits are associated with magmatic–meteoric 
hydrothermal systems, thus exhibiting features characteristically different from orogenic gold 
deposits (Fig. 2.2) (Goldfarb et al. 2001). 
 
 
Figure 2.2: Cross section displaying the tectonic settings of gold-bearing mineral deposits. Epithermal 
veins, gold-rich porphyry and skarn deposits form in both island and continental arcs, and compressional 
and extensional settings. Epithermal veins and Carlin-like ores also form in zones of back-arc crustal 
thinning. Orogenic deposits are shown to form during collisional events in the middle to upper crust. 
Adapted from Goldfarb et al. (2001). 
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2.2 Basement Geology of New Zealand 
2.2.1 Gondwana Origins 
Until the middle Cretaceous, the Gondwana margin was the site of subduction and accretion of 
terranes (Bradshaw 1989; Mortimer 2004). The basement terranes and igneous suites of New 
Zealand accreted to the southern margin of the Gondwana supercontinent during the Late 
Paleozoic and Mesozoic (Fig. 2.3) (Sutherland 1999; Mortimer 2004; Scott 2013). This 
compressional event was followed by extension, where seafloor spreading divided the Gondwana 
supercontinent. The Zealandia continent became isolated in the South Pacific following further 
rifting from Antarctica and Australia. Seafloor spreading between Australia and New Zealand 
resulting in the opening of the southern ocean, forming the Tasman Sea, occurred between 83-53 
Ma (million years) (Bradshaw 1989; Mukasa & Dalziel 2000; Tulloch et al. 2009).  
 
Figure 2.3: Cross section schematic diagram of Eastern Province units in the South Island of New 
Zealand 100 Ma. Adapted from Korsch and Wellman (1988), and Nairn and Stehli (2012).  
 
Transport directions from possible sources to depocentres of sediments in the Eastern Province of 
New Zealand are based on U–Pb (uranium-lead) detrital zircon age patterns in greywackes and 
sandstones (Fig. 2.4) (Adams 2007). Torlesse Composite Terrane Permian and Triassic sediments 
contain a significant zircon component from the Australian Precambrian craton in north 
Queensland, close to a continental margin (Adams & Kelley 1998; Pickard et al. 2000; Adams et 
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al. 2002). This is not as common in the Caples Terrane. Major sources and depocentres are offshore 
northeast New South Wales for the Caples Terrane. There is less continental influence and possibly 
more offshore volcanic arc influence, including the Median Batholith, in Early Cretaceous to Late 
Jurassic Torlesse-Pahau Terrane sediments. Terrane depocentres migrated southeastward to their 




Figure 2.4: Schematic diagram showing east Gondwana continental margin during (a) Late Permian, (b) 
Late Triassic, and (c) Late Jurassic to Early Cretaceous times. Transport directions from possible sources 
to depocentres of sediments in the Eastern Province of New Zealand are shown using arrows. Adapted 
from Adams et al. (2007). 
 
The Zealandia continent covers a large area, about 2,000,000 km2, with only a small portion that 
includes the New Zealand’s North and South Island above sea level. During the Eocene, 40-30 
Ma, Pacific and Australian plate movement transitioned from extension to transpression (King 
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2000). This formed an active plate boundary where the Indo-Australian plate is being subducted 
to the southwest of Fiordland (Davey & Smith 1983), the Pacific plate is being subducted beneath 
the North Island offshore to the east of the North Island (Reyners 1998), with a transpressional 
fault running along the western margin of the South Island between them (Fig. 2.5) (Norris & 
Cooper 2001). This is known as the Alpine Fault. Since the Late Eocene to Early Oligocene, the 
Alpine Fault has undergone 480 km of dextral displacement (Wellman 1955). This has led to 
significant uplift along the obliquely convergent active plate boundary, forming the Southern Alps, 
~5 Ma (Chamberlain et al. 1995; Norris et al. 1990). 
 
 
Figure 2.5: Map of Zealandia continent, showing extent of submersed continental crust, Alpine Fault and 






The basement geology of New Zealand is comprised of accreted tectonostratigraphic terranes 
related to intrusive batholiths, and an accretionary wedge and subduction arc system (Fig. 2.6) 
(Bradshaw 1989; Mortimer 2004). These terranes are bounded by faults and exhibit distinctive 
depositional settings and compositions from one another. A significant portion of the basement 
rock has been metamorphosed. This metamorphism ranges from regional low grade zeolite facies 
in Southland through to isolated high grade eclogite facies in Fiordland (Coombs et al. 1959; De 
Paoli et al. 2012).  
 
 
Figure 2.6: Basement terranes of New Zealand’s South Island. Adapted from GNS Terrane map 
(http://tinyurl.com/oyro9ee) and Mortimer (2004). 
 
The major South Island basement terranes can be divided into a younger Eastern Province and 
older Western Province (Landis & Coombs 1967; Tulloch & Challis 2000). The tectonic boundary 
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between the Eastern and Western Provinces is obscured by intrusive plutons of subduction related 
volcanism. This zone of plutonic rocks is referred to as the Median Batholith, a Mesozoic tectonic 
feature, occurring between 375-100 Ma (Mortimer et al. 1999; Scott 2013). 
 
2.2.2.2 Western Province 
The Western Province comprises two tectonostratigraphic terranes, the Takaka Terrane and the 
Buller Terrane, containing the oldest rocks in New Zealand (Cooper 1989; Mortimer 2004). These 
are separated by the eastward dipping Anatoki Thrust Fault. The Takaka Terrane and the Buller 
Terrane were juxtaposed along the Anatoki Thrust Fault before or during Late Devonian to Early 
Carboniferous granitoid emplacement in the middle Paleozoic (Jongens 2006; Adams et al. 2015). 
The Anatoki Thrust Fault is truncated by the larger Alpine Fault to the south (Cooper 1989). 
 
The Buller Terrane is the largest terrane in the Western Province. It stretches for at least 400 km 
along strike on the west coast of the South Island of New Zealand (Cooper 1989; Adams et al. 
2015). Greenland Group (Ordovician metaturbidites) and Palaeozoic intrusive granitoids are the 
dominant sequences with discontinuous outcrops from Paturau-Aorangi mine area in the north, to 
Jackson Bay and Cascade River in the south (Laird 1972; Cooper 1989; Adams et al. 2015).  
 
The Takaka Terrane is a Cambrian volcanic arc composed of metamorphosed Palaeozoic 
sedimentary and volcanic rocks (Cooper 1989; Adams et al. 2015). Volcanic rocks and 
volcaniclastic sedimentary rocks consisting of conglomerate, greywacke and limestone comprise 
the Cambrian units, while turbidites and limestones comprise Ordovician units, and quartzites 
Silurian units. The youngest units, Early Devonian, include successions of mudstones with small 
amounts of limestone, sandstone and conglomerate (Cooper 1989; Münker & Cooper 1999). 
 
2.2.2.3 Eastern Province 
The younger Eastern Province consists a number of terranes composed of lithic and feldspathic 
metagreywackes, but also volcanics, intrusives, and ophiolites (Fig. 2.6, 2.7) (Sutherland 1999). 
The Brooke Street Terrane is a steeply dipping, upturned basaltic island arc, sequence composed 
of Permian intrusives, primitive volcanogenic sediments and metabasaltic pillow lavas (Coombs 
et al. 1976; Houghton & Landis 1989; Kimborough et al. 1992). The Murihiku Terrane is a 
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sequence composed of back arc basin marine sediments and minor igneous rocks, extrusive and 
intrusive (Coombs et al. 1996). Sediment sequences consist of marine sandstone and ash horizons 
deriving from a mature volcanic arc in the Late Permian to Jurassic, and igneous rocks of Late 
Triassic to Early Jurassic (Kimborough et al. 1992; Coombs et al. 1996; Mortimer 2004). The Dun 
Mountain Terrane is a steeply dipping segment of near-arc oceanic crust composed of mafic-
ultramafic rocks, forming around 280 Ma (Coombs et al. 1976, Kimborough et al. 1992). Igneous 
rocks within the ophiolite sequence include dunites, harzburgites, gabbros, mafic dikes, pillow 
lavas and volcanic breccias. Stratified volcaniclastic and marine sediments of the Maitai Terrane 
deposited on an unconformity above the Dun Mountain Terrane about 20 Ma later (Landis & 
Coombs 1967; Coombs et al. 1976; Kimborough et al. 1992; Mortimer 2004).  
 
 
Figure 2.7: Geological cross section showing the terranes of the Eastern Province, South Island, New 
Zealand. Adapted from Mortimer et al. (2002). 
 
The Caples Terrane developed between 237-200 Ma as a submarine fan deposit with minimal 
continental material input (Coombs et al. 1976; Adams et al. 2007; Mortimer et al. 2014). 
Volcaniclastic sediments originated from an intermediate volcanic source and were deposited in 
an offshore island arc, accretionary wedge type environment (Coombs et al. 1976; Adams et al. 
1998, 2007; Wandres & Bradshaw 2005; Mortimer et al. 2014). The only boundary in the Eastern 
Province not bounded by a faulted contact is that between the Caples Terrane and the southern 
portion of the Torlesse Composite Terrane. During the Rangitata Orogeny, the amalgamation of 
the two terranes resulted in metamorphic overprinting obscuring this contact. This metamorphic 
overprinting is known as the Haast Schist belt (Coombs et al. 1976; Roser & Korsch 1999; 
Mortimer 2004). The Torlesse Composite Terrane is the largest South Island terrane, covering the 
greatest area. The Esk Head Melange divides the terrane into two subgroups in the South island, 
the older Rakaia Subterrane of Permian to Late Triassic age, and the Pahau Subterrane of Late 
Jurassic to Early Cretaceous age (Fig. 2.3) (MacKinnon 1983; Pickard et al. 2000; Mortimer 2004; 
Wandres et al. 2005). The Torlesse-Rakaia Terrane borders the Caples Terrane in the south and is 
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composed of quartzofeldspathic greywackes and argillitic metasedimentary units (Mortimer 
2004). Sediments are thought to have originated in northeastern Australia before arriving in their 
present position in New Zealand (Fig 2.4) (Adams et al. 2007). Minor mafic volcanics, cherts and 
limestones are also found in this terrane (Mortimer 2004). 
 
2.2.3 Otago Schist 
2.2.3.1 Introduction 
This thesis focuses on mineralisation within the southeast portion of the Otago Schist belt. The 
Otago Schist is a local portion of the greater metamorphic belt known as the Haast Schist. The belt 
is made up of metamorphosed Torlesse-Rakaia Terrane to the north and Caples Terrane to the 
south (Fig. 2.8, 2.9A), and stretches 2000 km from the Alpine Fault in the west, eastwards towards 
the Chatham Rise (Bishop 1972; Coombs et al. 1976; Mortimer 1993a; Adams & Graham 1997). 
The outcropping Otago Schist belt is 150 km wide, extending from the Southern Alps in the west 
to the Otago coast in the east, and covers an area of 30,000 km2. The belt is composed mainly of 
metamorphosed quartzofeldspathic greywackes and argillites (psammitic and pelitic grey schists) 
from the Torlesse-Rakaia Terrane, and greywacke with a volcaniclastic origin from the Caples 
Terrane (Gray & Foster 2004; Mortimer 2004). These were both deposited in the Permian to Late 
Triassic (Norris et al. 1990; Craw et al. 1994). 
 
2.2.3.2 Metamorphic Grade 
Sediments of these terranes were deposited as submarine fan deposits and turbidites (Mortimer 
2004). Accretion of the terranes followed during the Rangitata Orogeny at about 200-170 Ma 
(Little et al. 1999; Mortimer 2000). This resulted in regional metamorphism of the terranes, 
forming the greyschist that makes up the Otago Schist, as well as thin layers of metamorphosed 
chert, marble and ultramafics known as greenschist (Craw 1984). Regional metamorphism 
occurred in the Jurassic during crustal thickening (Coombs et al. 1976; Korsch & Wellman 1988; 
Mortimer 2000), as indicated by K-Ar (potassium-argon) and Ar-Ar dating studies (Gray & Foster 
2004; Little et al. 1999). This produced a wide array of metamorphic grades, ranging from zeolite 
facies to prehnite-pumpellyite facies through to biotite-garnet zone greenschist facies (Fig. 2.9B) 





Figure 2.8: Structural and locality map showing the distribution of significant economic quartz veins in the 
Caples, Torlesse and ALA Terranes of Otago Schist. The field area around Waipori is outlined. ALA = 
Aspiring Lithologic Association, RSSZ = Rise and Shine Shear Zone, HMSZ = Hyde-Macraes Shear 
Zone. Adapted from Mortimer (1993a), Turnbull et al. (2001), Gray and Foster (2004), and Craw et al. 
(2015). 
 
Exhumation of the schist began about 130 Ma (Gray & Foster 2004). An antiformal dome structure 
can be observed in the core of the Otago Schist. This dome structure has been attributed to middle 
Cretaceous extension around 110 Ma (Mortimer 1993a, 1993b, 2004; Gray & Foster 2004), and 
coincides with the extensional period resulting in the break off of the Zealandia continent from 
Gondwana (Bradshaw 1989). The highest grade, biotite-garnet zone greenschist facies, rocks are 
found in the centre, in the Torlesse-Rakaia Terrane (Mortimer 1993a, 1993b, 2000) with currently 
19 
 
exposed rocks having reaching 450°C and 8-10 kbar (Craw & Norris 1991; Mortimer 2000). Lower 
grade rocks flank either side of the core (Landis & Coombs 1967).  
 
  
Figure 2.9: Regional subdivisions of the Otago Schist belt. A) Lithotectonic units (Mortimer 1993a; 
Turnbull et al. 2001; Gray & Foster 2004). CBC = Chrystalls Beach Complex, ALA = Aspiring Lithologic 
Association. B) Metamorphic zones (Mortimer 2000). C) Textural zones (Bishop 1972; Turnbull et al. 
2001). D) Structural transposition zones, I = one penetrative foliation, II+ = two or more transpositions of 
foliation (Mortimer 1993a).  
 
2.2.3.3 Textural Zones 
Textures associated with the schist belt tend to follow similar patterns to the metamorphic zones 
(Fig. 2.9C), showing white mica grain size increases with textural grade (Norris & Bishop 1990; 
Turnbull et al. 2001). Turnbull et al. (2001) revised the Otago Schist textural zone classification 
scheme (Table 2.1). This field based system allows the identification of textural zones (TZs) I, 
IIA, IIB, III, and IV.  
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Table 2.1: Otago Schist textural zone classification scheme. Adapted from Turnbull et al. (2001). μm = 




















































































































































































































































































































































































































































































































































































































































































































































































































2.2.3.4 Caples/Torlesse Boundary 
The Caples Terrane schist occurs up to TZIII and is located in the southern portion of the Otago 
Schist belt (Fig 2.9A,C). The Torlesse Terrane schist occurs up to TZIV and is located in the 
northern portion of the Otago Schist belt (Fig 2.9A,C) (Mortimer 1993a; Turnbull et al. 2001). In 
east Otago, a subtle change in lithology across the boundary, and geochemical variation in the 
indeterminate zone, place the Caples/Torlesse boundary in an area north of Lake Mahinerangi and 
south of Lake Onslow (Mortimer & Roser 1992, MacKenzie & Craw 2005b). Mortimer and Roser 
(1992), and Roser and Cooper (1990) provide trace element discrimination diagrams between 
Caples and Torlesse Terranes (Fig. 2.10). By harnessing these diagrams MacKenzie and Craw 
(2005b) found some geochemical overlap between Caples and Torlesse Terrane schist occurring 
south of Lake Onslow. However, samples generally plotted within their assigned fields, with TZIV 
schist in the Torlesse Terrane and TZIII schist in the Caples Terrane. Torlesse Terrane TZIV schist 
contains centimetre-scale quartz segregations, well-developed quartz rods and coarse-grained 
micas (Turnbull et al. 2001, MacKenzie & Craw 2005b). Caples Terrane TZIII schist contains less 
and finer quartz segregations, finer grained micas, and a lighter, greener colour (Turnbull et al. 
2001, MacKenzie & Craw 2005b). 
 
 
Figure 2.10: Trace element analysis diagrams. A) La/Y (lathanum/yttrium) versus Ce/V 
(cerium/vanadium) Caples and Torlesse fields. Adapted from Mortimer and Roser (1992). B) La/Sc 
(lanthanum/scandium) versus Ti/Zr (titanium/zirconium) Caples and Torlesse fields. Adapted from Roser 




2.3 Otago Orogenic Gold Deposits 
2.3.1 Mineralogy, Structure and Alteration 
Mineralised hard-rock quartz deposits are prominent throughout greenschist facies rocks in the 
Otago Schist belt (Fig. 2.8, 2.11) (Craw & Norris 1991; Mortensen et al. 2010). Most gold bearing 
veins are contained within lower greenschist facies TZIII, and upper greenschist facies TZIV schist 
in the core of the belt (Paterson 1986). Veins are composed of quartz, subordinate carbonate, 
pyrite, arsenopyrite, scheelite and minor chalcopyrite, sphalerite, galena, gold, cinnabar and 
stibnite (McKeag & Craw 1989; Craw & Norris 1991). Gold can be found as native gold blebs or 
associated with sulphides such as pyrite and arsenopyrite (Craw & Norris 1991). Deposits also 
display wall rock alteration associated with veins and host rock. Increased permeability of the host 
rock can lead to greater wall rock alteration. This is observed at the Macraes shear deposit. This 
altered wall rock may also contain gold (Craw 2002). Mesothermal gold in orogenic deposits can 
occur as an alloy of >90% Au, with Ag-Hg composing most of the remainder (Morrison et al. 
1991; Knight et al. 1999a). Most of these vein systems occur in east Otago (MacKenzie & Craw 
2005a).  
 
Mineralised veins and rocks in east Otago generally occur in two structural types; high angle fault 
systems and low angle shear zones (Mortensen et al. 2010). Of the 200+ historically mined quartz 
veins in Otago, the vast majority are the high angle, fault-hosted type and these strike northwest 
and dip steeply, 50-80o (Paterson 1986). In east Otago, typical examples of the northwest striking, 
steeply dipping, fault hosted, quartz vein systems, are found at Oturehua, Nenthorn and Barewood. 
Less common, but much more economically important are the gold deposits at Macraes and the 
historic gold deposits in Thompson’s Gorge that are respectively, hosted in the gently northeast 
dipping Hyde-Macraes Shear Zone (HMSZ), and the Rise and Shine Shear Zone (RSSZ). The two 
contrasting structural deposit types formed at different times and levels during the exhumation of 
the schist belt and may be distinguished on the basis of their different structural style, alteration 





Figure 2.11: Metamorphic zones of Otago Schist belt and significant orogenic gold deposits. Inset shows 
the locations of the Mesozoic (Mz) trench, subduction boundary and associated arc in relation to the 
modern geography of New Zealand. TGF = Thomsons Gorge Fault, CGF = faults in Cromwell Gorge, 
CBF = Cap Burn Fault, FF = Footwall Fault, HMSZ = Hyde-Macraes Shear Zone. Adapted from Mortimer 
et al. (2016). 
 
2.3.2 Pulses of Orogenic Gold Mineralisation 
Mineralisation occurred during and after metamorphism, exhibiting three formation ages for gold-
bearing quartz veins and shear zones. These three pulses of orogenic gold mineralisation occurred 
during the Early Cretaceous (142-135 Ma), middle Cretaceous (106–101 Ma) and middle Tertiary 
(Miocene) (Craw 1989; Craw & Norris 1991; Craw et al. 2006; Mortensen et al. 2010).  
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2.3.2.1 Early Cretaceous (142-135 Ma) and middle Cretaceous (106-101 Ma)  
Through a culmination of previous studies, new 40Ar/39Ar dating results, and Pb isotope studies, 
Mortensen et al. (2010) interpreted two significant and discrete mineralising events in the Otago 
Schist, one at 142-135 Ma and a later one at approximately 106-101 Ma (Fig. 2.12).  
 
 
Figure 2.12: Time (Ma) versus crustal depth (km) schematic diagram showing the tectonic and 
metallogenic evolution of Otago Schist belt. The light blue line represents the path followed by lower 
greenschist facies rocks, and the dark blue line represents the path followed by upper greenschist facies 
rocks, of the Torlesse Terrane. The purple line represents the path followed by lower greenschist facies 
rocks of the Caples Terrane. Adapted from Mortensen et al. (2010) and MacKenzie et al. (2017b). 
 
The earlier pulse, which generated the Macraes and Glenorchy deposits, is related to a regional 
compressional event during the latter stages of metamorphism. The later event, which includes 
Nenthorn, Barewood, and the Rise and Shine Shear Zone (RSSZ), is related to regional extensional 
processes. The earlier deposits are hosted on the flanks of the schist belt in lower greenschist facies 
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rocks (Craw 2002; Mortensen et al. 2010; MacKenzie & Craw 2016; MacKenzie & Craw 2017). 
While these host rocks were uplifted through the brittle-ductile transition the underlying rocks that 
eventually became host to the later stage deposits were still undergoing upper greenschist facies 
metamorphism (Paterson 1982; Craw 2002). Mortensen et al. (2010) suggests short-lived thermal 
events in the lower Rakaia/Pahau wedge resulted in the extraction of ore-forming components and 
were responsible for these two pulses of mineralisation. 
 
2.3.2.2 Middle Tertiary (Miocene)  
The third pulse, which generated the Bullendale and Shotover Valley mesothermal gold deposits, 
are hosted in a swarm of post metamorphic, mineralised Miocene faults within the Otago Schist 
metasedimentary host rock, southeast from the Moonlight Fault to Macetown (Craw et al. 2006; 
MacKenzie et al. 2007). The mineralised faults occur at high angles to, and crosscutting, folds 
related to the Moonlight Fault. Mineralised zones developed at a structurally later stage compared 
to other deposits across Otago as a result of regional compression during the initiation of the Alpine 
Fault in the middle Tertiary (Cooper et al. 1987; Craw 1989; Craw et al. 2006; MacKenzie et al. 
2007). Veins postdate the youngest ductile structures within the host Otago Schist (Paterson 1986; 
Craw 1989).  
 
Table 2.2: Geology of mineralising occurrences across Otago. BDT = brittle-ductile transition, GS. = 
greenschist, Min. = mineralisation, mid = middle, Cret. = Cretaceous, Tert. = Tertiary. Adapted from 
Mortensen et al. (2010). Additional references from Cooper et al. (1987); Craw (1989); Teagle et al. (1990); 
Craw & Norris (1991); Begbie & Sibson (2006); MacKenzie et al. (2007).  
Deposit Host schist Structural setting Metals Min. style Min. depth 
estimate 
Age 
Macraes Lower GS. 
facies. 
Late metamorphic thrust 
shear zone at BDT. 
Extends NW 25 km 
along strike, dips approx. 
15o NE. Regional 
foliation and the shear 
zone lie reasonably 
parallel. 
Au, W Lode shears, 
disseminate sulphides 
and stockworks. 
Quartz veins contain 
gold as free grains and 
in sulphides, scheelite 
and sulphides. 









normal faults, folded by 
regional synform. Vein 
swarms cut the foliation 
of the schist at a high 
angle with mineralisation 
forming within 6 m wide 
zones of crushed and 
deformed schist. 














compressional shear near 
BDT. 
Au Disseminated 
sulphides, some steep, 
shear-hosted veins. 
10 km mid 
Cret. 
Bendigo Upper GS. 
facies (biotite-
garnet zone) 
Steep normal faults. Au, W Massive quartz veins in 
extensional sites. 
5–10 km mid 
Cret. 
Carrick Lower GS. 
facies 
Steep normal faults; 
some shallow structures. 
Au, Sb Prismatic quartz veins 
and breccias. 
5–10 km mid 
Cret. 
Barewood Upper GS. 
facies (biotite-
garnet zone) 
Regional scale steep 
normal fault system. 
Au, W Massive quartz veins in 
extensional sites. 









Sb Drusy quartz, massive 
stibnite. 
<2 km mid 
Cret. 
Nenthorn Upper GS. 
facies (biotite-
garnet zone) 
Steep normal faults Au, Sb Prismatic-drusy quartz 
in extensional sites. 








Swarm of post 
metamorphic mineralised 
west and northwest 
striking normal faults.  
Au Mineralised zones 
contain auriferous 
pyrite, arsenopyrite, 
and quartz. Stibnite ± 
gold occurs in some 
zones in the Bullendale 
deposit.  





2.3.3 Ore Metal and Fluid Source 
There are three proposed potential sources for the ore-bearing fluids and metals of orogenic gold 
deposits in Otago. 1) A magmatic source at depth within the Otago Schist (de Ronde et al. 2000), 
2) metabasaltic units of the Aspiring Lithological Association (ALA) (Bierlein & Craw 2009), and 
3) metamorphic dehydration reactions from the underlying metamorphosed sedimentary pile 
(Henley et al. 1976; Pitcairn et al. 2006; Mortensen et al. 2010).  
 
In the magmatic source model it is suggested that gold mineralisation was the result of meteoric 
water mixing with magmatic water and transporting and precipitating metals within the Otago 
Schist (de Ronde et al. 2000). During crystallisation of a granitic melt, fluids could have formed 
through the exsolution of volatiles (Lang & Baker 2001). de Ronde et al. (2000) reported fluid 
inclusion δDH2O values that are consistent with magmatic water values. They also state that the 
mineralising hydrothermal fluid chemistry observed at Macraes correlates closely with deep 
geothermal reservoir fluids of the Taupo Volcanic Zone. This theory would infer a pluton existing 
beneath the Otago Schist, however, the δDH2O values are also consistent with an evolved 
metamorphic fluid and there is no evidence for an undetected magmatic body at depth (de Ronde 
et al. 2000). 
 
Another proposed model for the source of Otago gold is from the Aspiring Lithological 
Association (ALA) and Torlesse Terrane metabasalts (Bierlein & Craw 2009). These 
metamorphosed mafic igneous rocks accompanied the formation of collisional metamorphic belts, 
and represent material accreted from an oceanic plateau (Bierlein & Craw 2009). Metabasalts are 
typically enriched in gold relative to other lithologies and make up <1 to 5% of the Otago Schist 
(Keays 1987; Goldfarb et al. 2001; Bierlein et al. 2006). Metabasalts have been shown to contain 
up to 13 ppb (parts per billion) of gold, while metasedimentary rocks typically contain 1 ppb, and 
sulphide-rich metabasaltic rocks up to 550 ppb (Bierlein & Craw 2009). Due to their enrichment, 
it is suggested metabasalts are the principal source for orogenic gold in the Otago Schist (Bierlein 
& Craw 2009). However other studies by Pitcairn et al. (2006, 2014) show that a background 
concentration of 1 ppb in the more voluminous metasedimentary Otago Schist host rocks is more 




The most widely recognised suggested source of elements and fluids comes from the underlying 
metasedimentary pile in the Otago Schist (Norris & Henley 1976; Paterson 1986; McKeag & Craw 
1989; Groves et al. 1998; Goldfarb et al. 2005; Pitcairn et al. 2006; Mortensen et al. 2010). Pitcairn 
et al. (2006) showed that, even though protoliths were relatively uniform, different facies within 
the Otago Schist, sub-greenschist, greenschist and amphibolite, contained distinct differences in 
fluid and metal contents. Increasing metamorphic grade in the host schist correlated with a 
depletion in Au, Ag, As, Sb, Hg, Pb and Mo (Pitcairn et al. 2006; Mortensen et al. 2010; Pitcairn 
2011). However, mineralised zones within the host schist are enriched. Mobilisation of fluid and 
metals in metamorphic belts occurred as large scale leaching during prograde metamorphic 
dehydration reactions. This occurred most prominently during the transition of the host rock from 
greenschist into amphibolite facies (Paterson 1982; McKeag & Craw 1989; Goldfarb et al. 2005; 
Pitcairn et al. 2006; Mortensen et al. 2010). Large et al. (2012) suggests diagenetic pyrite is a 
substantial source for metals in orogenic gold deposits. On the northeast margin of the Otago 
Schist, diagenetic pyrite in low-grade turbidites contain concentrations of gold between 0.5 and 2 
ppm (parts per million). At Macraes mine, micron-scale native gold and solid solution gold 




Chapter Three: Otago Schist 
3.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Otago Schist occurring across the Waipori area. Extensive mapping constrains the present day 
structural geology of the Otago Schist across Waipori. Samples collected from localities across the 
field area were used to understand the mineralogy, geochemistry and textures of the schist. 
 
3.2 Structural Geology 
3.2.1 Structural Terminology and Deformation Phases 
The Otago Schist has undergone a complex deformation history (Fig. 3.1) (MacKenzie & Craw 
2005b). The structural interpretation of Otago Schist hosting the Waipori As ± Au ± Hg ± Sb ± W 
bearing veins is based on observed and inferred deformation phases in Otago Schist across the 
field area. A standard set of structural terminology will be used for the Waipori area. These local 
ductile structures are denoted as: 
S = Planar surfaces/schistosity: Schistosity is the rock property marked by parallel orientation of 
crystal elements in a rock. Subscripts are denoted as: S0 = Bedding surface, S1 = First phase 
fold of axial surface, S2 = Second phase fold of axial surface, etc. 
L = Lineations: Occur as well developed striping on schistosity surfaces, mineral grains and 
aggregates on schistosity, microcrenulations of micaceous laminae, intersections of 
schistosities, and quartz-albite rodding of segregation laminae. Subscripts are denoted as L1, 
L2, etc.  
F = Folds: Regional macroscopic folds are large open structures on the order of km (kilometres). 
Smaller mesoscopic folds may be on the scale of mm (millimetres) to cm (centimetres). 
Folds may be measured from a folded surface or estimated using projections of measured 
deformed S-surfaces. Subscripts are denoted as F1, F2, F3, etc. 
Local ductile structures observed can then be correlated with a deformation phase (D) within the 
Otago Schist. Subscripts are denoted as D1, D2, D3, etc., and represent chosen definitions to 
explain the deformation history across Waipori.  
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3.2.1.1 Deformation Phase D1 
Protolith sequences exhibiting bedding (S0) underwent the first, and earliest, phase of deformation 
(D1). This event is associated with the climax of greenschist facies, chlorite zone metamorphism 
of the Otago Schist, producing mesoscopic folds, macroscopic folds and schistosity. Ductile 
isoclinal folds (F1) developed in the protolith bedding (S0), resulting in the growth of metamorphic 
minerals, transposition of bedding (S0) and development of a penetrative axial planar foliation (S1). 
Most sedimentary structures in bedding (S0) have been destroyed during metamorphism. True 
bedding, between psammitic and pelitic layers, is recognisable in some places in the Otago Schist. 
Bedding has not been observed at Waipori. These are syn-metamorphic structures. 
 
3.2.1.2 Deformation Phase D2 
Abundant mesoscopic folds and development of tight to isoclinal macroscopic folds, deforming 
S1, occurred during the second phase of deformation (D2). This produced a strong penetrative 
foliation (S2) defined by mm to cm segregations between quartz-albite and phyllosilicate layers. 
Quartz rodding within the schist and a prominent lineation (L2) also developed. Mesoscopic folds 
(F2) are observed as mm to cm-scale folds, subhorizontal and subparallel to S2 foliation. F2 folds 
are important in showing the schistosity is S2 rather than S1. Transposed S1 surfaces are parallel to 
the younger S2 foliation, however, S1 is rarely observed. These are syn-metamorphic structures. 
 
3.2.1.3 Deformation Phase D3 
The third phase of deformation (D3) involves the development of asymmetric F3 folds (Fig. 3.2A). 
This phase was probably late metamorphic. Late metamorphic folds exhibit fold vergence. Due to 
minor observable occurrences these could not be mapped. 
 
3.2.1.4 Deformation Phase D4  
The fourth phase of deformation (D4) involves post metamorphic faulting resulting in small scale 
brittle faults, fractures and quartz veins. The regional Otago Schist foliation (S2) is crosscut by 
these faults. Mesoscopic warping of the schist occurs adjacent to fault zones. Abundant faulting 
occurs across the Waipori area. Faults strike east-west, north-south and northwest-southeast. 




3.2.2 Vein Classification 
There are multiple generations of quartz veins (V) across Waipori Otago Schist (Fig. 3.1). Vein 
subscripts are denoted as V1, V2, and V3. Development of early ductile V1 vein sets occurs during 
deformation phases D1-D2 as metamorphic veins and segregations parallel to schist foliation (S1-
S2). Brittle V2 vein sets occur post D2 and pre-D4, cutting schist foliation (S2) at an angle (Fig. 
3.2B). These veins were found locally within schist adjacent to many of the lodes. V2 veins are 
cross cut by V3 veins. Brittle V3 vein sets occur during D4, cutting schist foliation at a high angle 






Figure 3.1: Schematic diagram representing the relationship between structural elements and phase of 







Figure 3.2: Outcrops of Otago Schist exhibiting A) F3 folding of S2 foliation, and B) V2 quartz veins cutting 





3.2.3 Otago Schist 
3.2.3.1 Structure 
Otago Schist across Waipori outcrops along road cuttings, as tors in fields, and in old mine 
workings (Fig 3.3). Metamorphic foliation across Waipori has a high variability in strike and is 
generally shallowly dipping (8-48o) (Fig. 3.4A). The schist in the Antimony area strikes northwest, 
dipping shallowly to the southwest. Close to the inferred Bella’s lode, the schist strikes east-west, 
dipping shallowly to the south. Cox’s area strikes north-south, dipping shallowly to the east. Devils 
Creek area fluctuates between a northwest strike, east dip, and an east-west strike, south dip. The 
Nuggety Gully, Waipori Station, North O.P.Q., and O.P.Q. areas strike northeast-southwest, 
dipping shallowly to the southeast. The Waitahuna Heights area strikes east-west, dipping 
shallowly to the south (Fig. 3.3, 3.4A, 3.5, 3.6). Quartz rodding in the schist is typically oriented 
dipping towards the south-southeast. The schist surrounding the vein systems exhibits prominent 
pre-existing late metamorphic jointing (Fig. 3.4B). Orientations of joints closely resemble the 
orientations of a few faults in the host schist. Joints may be controlling the majority of orientations 
of later formed normal faults across Waipori. All vein systems in the Waipori goldfield are 
confined to foliated Otago Schist host rock. 
 
A regional scale fault has been inferred in the north of the field area (Lammerlaw Fault; Fig 3.7), 
and in the south (Waitahuna Heights Fault) based on the abrupt changes in topography (Fig. 3.3). 
Large folds generally remain unseen. Strike and dip measurements of the Otago Schist across 
Waipori imply there is either an antiform structure centred on the Lammerlaw ranges (Lammerlaw 
Antiform, trending northwest-southeast) or tilting of the schist associated with the nearby regional 
Lammerlaw Fault (Fig. 3.3). The Lammerlaw Antiform is correlated with a deformation phase 
post D2 as the schists metamorphic foliation is folded around it. Lineations and foliation 
measurements alternate in orientation direction near Devils Creek. This is a result of the later 
forming Lammerlaw Fault deforming the schist, disrupting pre-exisitng S2 foliation and lineation 
orientations (Fig. 3.3). Waipori vein systems (D4) are brittle, post-metamorphic structures 
crosscutting ductile structures (D1-D3) in the schist. Therefore nearby regional-scale faults and 




Figure 3.3: Geological map of the Waipori area, showing the historic workings, veins, and schist foliation 




Figure 3.4: Outcrops of Otago Schist exhibiting A) shallowly dipping foliation, and B) prominent east-west 





Figure 3.5: Equal area, lower hemisphere stereonets displaying A) 126 contoured poles to planes for 
penetrative metamorphic foliation, and B) 108 contoured points for penetrative quartz rodding lineation. 
 
 
Figure 3.6: Equal area, lower hemisphere stereonets displaying A) poles to mineralised fault zones, and 
B) poles to metamorphic foliations adjacent to the faults in the hangingwall (red) and footwall (blue). 
 
 
Figure 3.7: View to the north in the north of the field area, near Devils Creek, where the Lammerlaw Fault 




3.2.3.2 Geophysical Survey 
Martin et al. (2016) provides magnetic and electromagnetic maps of Otago incoporating the 
Waipori area (Fig 3.8, 3.9). A total magnetic intensity reduced to pole (RTP) magnetic map of 
southeast Otago shows linear geophysical anomalies. Field mapping during this study shows linear 
magnetic anomalies correlate with a mesoscopic fold; the Lammerlaw Antiform. Linear magnetic 
anomalies trend southeast on the southern limb, northwest on the northern limb, and southwest in 
the hinge of the Lammerlaw Antiform (Fig. 3.8) (Martin et al. 2016). Apparent resistivity 
highlights basement structures as the ground responds to the propagation of electromagnetic fields. 
An electromagnetic high is associated with the Lammerlaw Antiform (Fig. 3.9). This correlates 
with field mapping observations during this study. 
 
The inferred location of the Lammerlaw Fault, based on abrupt changes in topography (Fig 3.3), 
shows a low magnetic intensity to the east of the fault and a higher magnetic intensity to the west 
of the fault (Fig. 3.8). The Lammerlaw Fault follows an electromagnetic low in the EM8200 Hz 
map (Fig. 3.9). The inferred location of the Waitahuna Heights Fault based on abrupt changes in 
topography (Fig 3.3), shows a low electromagnetic intensity to the west of the fault and a high 
electromagnetic intensity to the east of the fault (Fig. 3.9). A second fault associated with the 
Waitahuna Heights Fault follows an electromagnetic low (Fig. 3.9). All vein systems in the 




Figure 3.8: Otago total magnetic intensity reduced to pole (RTP) magnetic map showing the linear 
geophysical anomalies trending southeast on the southern limb (A), northwest on the northern limb (B), 
and southwest in the hinge (C) of the Lammerlaw Antiform. Red indicates magnetic highs and blue 





Figure 3.9: Otago electromagnetic (EM) 8200 Hz map of the greater Waipori region. Red indicates 







The laminated Otago Schist is a blue-grey psammitic quartzofeldspathic schist with regular 
segregations between quartz-plagioclase and phyllosilicate layers (Fig. 3.10A).  Foliation is well 
developed, and schistosity and segregations are ubiquitous. Segregations between quartz-
plagioclase and phyllosilicate layers occurs on the order of mm to cm. Significant quartz rodding 
occurs throughout. Metamorphic quartz veins, >1 mm thick, are parallel the S2 foliation. 
Asymmetric S1 quartz-feldspar segregation veins are observed. These have not been completely 
transposed to the current S2 foliation.  
 
The massive Otago Schist is a grey-orange quartzofeldspathic psammitic schist that contains minor 
quartz-plagioclase and phyllosilicate segregations as seen in the laminated schists (Fig. 3.10B). 
Metamorphic quartz segregations, >1 mm thick, are parallel the S2 foliation. Asymmetric S1 
quartz-feldspar segregation veins are observed. These have not been completely transposed to the 
current S2 foliation.  
 
The phyllosilicate rich laminated Otago Schist is a grey-green schist with regular segregations 
between minor quartz-plagioclase and dominant phyllosilicate layers (Fig. 3.10C). Segregations 
between quartz-plagioclase and phyllosilicate layers occurs on the order of mm to cm. 
Metamorphic quartz segregations, >1 mm thick, are parallel the S2 foliation. Asymmetric S1 
quartz-feldspar segregation veins are observed. These have not been completely transposed to the 





Figure 3.10: Polished hand specimens of A) laminated Otago Schist near Cox’s lode. Sample SCH-1A. 
B) Massive psammitic Otago Schist near Devils Creek lode. Sample DCC-2A. C) Phyllosilicate rich 




3.3.2 Petrographic Description 
In thin section, quartz-feldspar and micaceous layers are seen as deformed alternating bands within 
the laminated schist (SCH-1A). Recrystallised quartz and plagioclase dominate the quartz layers. 
Asymmetric S1 quartz-feldspar segregation veins are observed. These have not been completely 
transposed to the current S2 foliation. Muscovite and chlorite dominate the mica layers (Fig. 3.11). 
Based on visual estimation, these layers contain ~90% muscovite and 10% chlorite. Quartz grains 
vary in size, 0.05-0.7 mm, and display undulose extinction. The schist has very fine size muscovite 
grains, <125 μm (micrometres) long (Fig. 3.14A). Due to the foliated nature of the schist, white 
mica grain size and metamorphic segregation veins the schist is recognised as TZIII (Turnbull et 
al. 2001). 
 
In thin section, recrystallised quartz-feldspar segregation veins cut through a quartz-feldspar 
dominant matrix in the massive psammitic schist (DCC-2A). Asymmetric S1 quartz-feldspar 
segregation veins are observed. These have not been completely transposed to the current S2 
foliation.  Muscovite and chlorite are sporadically disperse throughout the matrix as fine grains 
(Fig. 3.12). Based on visual estimation, this rock contain ~90% quartz-feldspar and ~10% 
muscovite-chlorite. Quartz grains vary in size, 0.05-1 mm, and display undulose extinction. 
Chlorite is pervasively oxidised throughout the sample. The schist has very fine size muscovite 
grains, <125 μm long (Fig. 3.14B). The schist is recognised as TZIII (Turnbull et al. 2001). 
 
In thin section, quartz-feldspar and micaceous layers are seen as deformed alternating bands within 
the micaceous, phyllosilicate rich schist (CIN-3A). Recrystallised quartz and plagioclase dominate 
the quartz layers. Asymmetric S1 quartz-feldspar segregation veins are observed. These have not 
been completely transposed to the current S2 foliation. Chlorite, epidote and minor muscovite 
dominate the phyllosilicate layers (Fig. 3.13). Based on visual estimation, these layers contain 
~20% muscovite, 25% epidote and 55% chlorite. Quartz grains vary in size, 0.05-0.4 mm, and 
display undulose extinction. The schist has very fine size muscovite grains, <125 μm long (Fig. 
3.14C). Due to the foliated nature of the schist, white mica grain size and metamorphic segregation 






Figure 3.10: Photomicrograph of laminated Otago Schist exhibiting quartz-plagioclase and micaceous 





Figure 3.12: Photomicrograph of massive psammitic Otago Schist exhibiting S1 and S2 quartz-feldspar 
segregation veins and a matrix composed of quartz-plagioclase and phyllosilicate minerals in A) plane 




Figure 3.13: Photomicrograph of micaceous, phyllosilicate rich Otago Schist exhibiting S1 and S2 quartz-
feldspar segregation veins and phyllosilicate segregations (chlorite + epidote) in A) plane polarised light, 




Figure 3.14: Backscattered electron SEM-EDS images. Samples exhibit a muscovite grain size 
associated with TZIII (Turnbull et al. 2001). A) The laminated schist. Sample SCH-1A. B) The massive 
psammitic schist. Sample DCC-2A. C) The phyllosilicate rich laminated schist. Sample CIN-3A. 
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3.3.3 Mineralogy and Geochemistry 
SEM-EDS analysis identified quartz, plagioclase, chlorite, epidote, muscovite, apatite, titanite and 
zircon within the micaceous segregated layers, and plagioclase and quartz in the quartzofeldspathic 
segregated layers of the laminated schist (SCH-1A) (Fig. 3.14A). Quartz, chlorite, epidote, 
muscovite, apatite, titanite, calcite and zircon were identified in the massive psammitic schist 
(DCC-2A) (Fig. 3.14B). Quartz, plagioclase, chlorite, epidote, muscovite and apatite within the 
micaceous segregated layers, and plagioclase and quartz in the quartzofeldspathic segregated 
layers were identified in the phyllosilicate rich laminated schist (CIN-3A) (Fig. 3.14C). Plagioclase 
is pure, sodium-rich (Na), albite (Ab100An0Or0) (Table 3.1, 3.2, 3.3). Albite lacking polysynthetic 
twinning has been distinguished from quartz through SEM-EDS analysis.  
 
Table 3.1: Representative analyses of major element mineral compositions in Otago Schist. The 
laminated schist from the centre of the field area. Sample SCH-1A. 
 Albite Apatite Chlorite Epidote Muscovite 
O (oxygen) 8.00 11.99 10.00 12.50 12.00 
F (fluorine) - 1.01 - - - 
Na (sodium) 0.96 - - - 0.06 
Al (aluminium) 1.00 - 2.00 2.61 2.68 
Si (silicon) 3.01 - 1.94 3.10 3.56 
Mg (magnesium) - - 1.17 - 0.20 
K (potassium) - - - - 0.95 
Fe (iron) - - 1.93 0.47 0.16 
Mn (manganese) - - 0.04 - - 
Ti (titanium) - - - - - 
Ca (calcium) - 4.79 - 1.91 - 
P (phosphorus) - 2.88 - - - 





Table 3.2: Representative analyses of major element mineral compositions in Otago Schist. The massive 
psammitic schist from the north of the field area. Sample DCC-2A. 
 Albite Titanite Chlorite Epidote Muscovite 
O 8.00 5.00 10.00 12.50 12.00 
Na 0.84 - - - - 
Al 0.99 - 0.56 2.42 2.23 
Si 3.02 1.01 3.42 3.11 3.80 
Mg - - 0.63 - 0.31 
K - - - - 0.88 
Fe - - 1.61 0.66 0.27 
Ti - 0.94 - - - 
Mn - - 0.06 - - 
P - - - - - 
Ca - 0.97 - 1.97 - 
Total no. of ions 
4.85 2.92 6.28 8.16 7.49 
 
Table 3.3: Representative analyses of major element mineral compositions in Otago Schist. The 
phyllosilicate rich schist from the south of the field area. Sample CIN-3A. 
 Albite Apatite Chlorite Epidote Muscovite 
O 8.00 11.92 10.00 12.50 12.00 
F - 1.08 - - - 
Na 0.95 - - - 0.06 
Al 1.01 - 1.88 2.24 2.58 
Si 2.99 - 1.93 3.09 3.54 
Mg - - 1.68 - 0.21 
K - - - - 0.89 
Fe - - 1.55 0.92 0.32 
Mn - - 0.06 - - 
Ti - - - - - 
Ca - 4.73 - 1.95 - 
P - 2.8 - - - 
Total no. of ions 







Otago Schist collected across the Waipori goldfield contains an assemblage of quartz + albite + 
muscovite + Mg-Fe chlorite + epidote ± apatite ± titanite ± zircon ± calcite. The presence of 
chlorite, absence of biotite, and white mica grain size suggests the rock has undergone regional 
metamorphism to TZIII, chlorite zone greenschist facies, followed by exhumation of the schist to 
the surface (Fig. 3.15). 
 
 
Figure 3.15: Estimated prograde regional metamorphism pressure-temperature-time path of Waipori 
goldfield Otago Schist. PP-PAct = prehnite-pumpellyite to pumpellyite-actinolite facies, A-E Hfls = albite-
epidote hornfels facies, Hbl Hfls = hornblende-hornfels facies, Pyx Hfls = pyroxene hornfels facies, Ky = 






Chapter Four: Waitahuna Heights  
4.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Waitahuna Heights lode in the Waipori goldfield. Mapping constrains the present day structural 
geology of the lode. Samples collected from this locality were used to understand the mineralogy, 
geochemistry and textures of the deposit. Therefore, this chapter describes and constrains the 
structural controls on the vein system, and identifies styles of mineralisation and the paragenesis 
of the lode. 
 
4.2 Structure 
Waitahuna Heights lode outcrops in gullies as a series of historic workings south of Lake 
Mahinerangi (Fig. 3.3). Samples and measurements were obtained from one working (Fig. 4.1) 
and a waste pile. The high angle fault hosted quartz vein cuts the host schist at 093/64 N. Footwall 
and hangingwall foliation orientations could not be determined due to weathering of the host schist. 
Nearby schist is shallowly dipping (100/20 SW). The fault zone consists of a quartz vein, and 
mineralised schist and breccias based on waste pile constituents. The lode is roughly 0.5 m thick 
and located on the hangingwall side of the fault. The lode has pinched out at the top of the adit and 
appears to have been thicker at the base. Although outcrop exposure is poor, localised warping 
adjacent to the fault zone suggests normal fault movement. Foliation in the footwall is folded 
downwards and steepens within 20 cm of the fault (Fig. 4.1). The mineralised fault is perpendicular 





Figure 4.1: Outcrop photo of the Waitahuna Heights adit displaying the fault plane hosting mineralised 
quartz. Local warping of the schist foliation in the footwall is indicative of normal faulting. 
 
4.3 Observations 
A sample of schist (CIN-1MS), collected from the Waitahuna Heights lode waste pile, consists of 
green-yellow phyllosilicate segregations and white metamorphic quartzofeldspathic segregations 
with crosscutting calcite veins bearing sulphides. Visible sulphides include cinnabar and pyrite. 
The foliation of the crosscut schist exhibits significant deformation and fracturing. The large 
quartzofeldspathic segregation vein lies parallel with the foliation and has been fractured and 
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infilled with substantial concentrations of calcite and sulphides (Fig. 4.2). The schist is textural 
zone III, chlorite zone greenschist. 
 
 
Figure 4.2: Polished hand specimen of a silicified mineralised schist sample from the Waitahuna Heights 
lode waste pile. The schist contains a network of fine calcite veins crosscutting the host Otago Schist 
foliation. Sample CIN-1MS. 
 
Samples of breccia, collected from the Waitahuna Heights lode waste pile, consist of randomly 
oriented fragments of schist and quartz fragments cemented within a calcite rich matrix (Fig. 4.3). 
The mosaic fault breccia (CIN-1BR) (Fig. 4.3A) is primarily green and densely packed with schist 
and calcite fragments. The chaotic fault breccia (CIN-2BR) (Fig. 4.3B) is white-green with spaced 
out schist and calcite fragments. Fragments of entrained schist consist of chlorite and muscovite, 
metamorphic quartz, and many contain calcite veining. Fe-oxide minerals occur throughout the 
calcite matrix. Later veins of calcite cut the breccia and entrained fragments (Fig. 4.3B). These 





Figure 4.3: Polished hand specimens of two breccia samples from the Waitahuna Heights lode waste pile 




4.4 Petrographic Description 
In thin section, chlorite, muscovite, quartz and plagioclase dominate the matrix of the mineralised 
schist (CIN-1MS) (Fig. 4.4, 4.5). Quartz grains are anhedral and display weak undulose extinction, 
indicating deformation. Quartz grains vary in size, from 0.2-1 mm. Quartz present is metamorphic 
quartz and veins of hydrothermal massive buck structure quartz alongside substantial calcite. 
Calcite grains, up to 1 mm, display rhombohedral cleavage. Calcite grains are euhedral in veins 
crosscutting the schist foliation, and subhedral to anhedral in aggregates occurring in the schist. 
Calcite veins and quartz contain sulphides (Fig. 4.4, 4.5). Chlorite occurs as yellow-green, patchy 
aggregates of anhedral grains in plane polarised light, and anomalous blue colours in cross 
polarised light. Chlorite grains (70%) are dispersed throughout the matrix, intergrown with 
muscovite (30%), forming phyllosilicate segregations. Muscovite occurs throughout as roughly 
oriented fine aggregates with chlorite. Pyrite and cinnabar occur sporadically throughout the 
sample, in the schist and in calcite veins. Pyrite consists of fine, <0.2 mm, subhedral to euhedral 
disseminated grains and aggregates. Cinnabar consists of fine, <0.5 mm, grains, inclusions in 






Figure 4.4: Photomicrograph of Waitahuna Heights mineralised schist exhibiting quartz, plagioclase, 





Figure 4.5: Photomicrograph of Waitahuna Heights mineralised schist exhibiting quartz, plagioclase, 




In thin section, calcite dominates the cement of the breccia (CIN-1BR) (Fig. 4.6). Calcite grains, 
up to 1 mm, display rhombohedral cleavage, occurring as veins and aggregates. Calcite fills 
fractures in entrained host schist fragments. Entrained host schist fragments consist of 
monocrystalline and polycrystalline quartz and plagioclase, and chlorite and muscovite. Quartz 
grains are anhedral and display weak undulose extinction. Quartz grains vary in size, from 0.2-25 
mm for polycrystalline grains and 0.01-0.3 mm for monocrystalline grains. Chlorite occurs as 
yellow-green to green, patchy anhedral grains in plane polarised light, and anomalous blue colours 
in cross polarised light. Grains are dispersed throughout the calcite cement as singular grains, 
aggregates of grains, and aggregates with muscovite. Pyrite occurs sporadically throughout the 
sample as fine, <0.15 mm, subhedral to euhedral disseminated grains and aggregates of grains. 
The majority of pyrite grains have oxidised to a Fe-oxide and contain inclusions of other sulphides. 
 
4.5 Mineralogy 
SEM-EDS analysis identified quartz, albite, chlorite, muscovite, titanite, epidote, monazite, zircon, 
Fe-oxide, rutile (TiO2), calcite (CaCO3), kaolinite (Al2Si2O5(OH)4), pyrite (FeS2), chalcopyrite 
(CuFeS2), galena (PbS), cinnabar (HgS), and tetrahedrite ((Cu,Fe)12Sb4S13 ± Hg) in the mineralised 
schist (CIN-1MS). Quartz, albite, chlorite, muscovite, calcite, apatite, rutile, monazite, zircon, 
kaolinite, pyrite, Fe-oxide, cinnabar and HgSe cinnabar were identified in the breccia (CIN-1BR). 
Gold, pyrite, Fe-oxide and cinnabar was panned out of highly weathered quartz vein and schist 
material from the adit. 
 
Table 4.1: Distribution of minerals observed at the Waitahuna Heights lode. 
Waitahuna Heights Fe-oxide pyr cpy cin tetr gal rut cal kao Au 
Mineralised schist X X X X X X X X X  
Schist and quartz vein  X X  X      X 





Figure 4.6: Photomicrograph of Waitahuna Heights breccia exhibiting quartz, plagioclase, chlorite, 




One sub-type of gold has been identified based on morphology. This is coarsely crystalline gold ± 
minor cavities ± intergrown with quartz (Fig 4.7A-C). Gold was retrieved through crushing of 
weathered schist and quartz samples. Grains obtained from crushing were poorly sorted and ranged 
from angular to round in shape at grain boundaries with quartz. Grain boundaries are often irregular 
in shape (Fig. 4.7A). Deformation textures; refolding, flattening and gouging, are assumed to be a 
result of crushing. Original grain boundaries of grains devoid of quartz have been flattened during 
crushing (Fig. 4.7B,C). Coarse crystalline gold occurs up to 150 μm in diameter (Fig. 4.7B). 
Surface textures consist of smooth, clean surfaces, and minor cavities. A few gold grains were 
found intergrown with quartz rather than calcite. Free cinnabar and cinnabar associated with quartz 
occurred in the same weathered schist and quartz sample as the gold (Fig. 4.7D). Gold extracted 
by crushing of quartz is typically nuggety (supergene) gold (Fig. 4.7A-C).  
 
Gold compositions were obtained from unpolished grains using SEM-EDS spot analysis using Au-
Ag alloy and HgTe standards, and normalized to 100 wt% (Table 4.2). Gold is predominately Au-
Ag-Hg alloy (>95%), with minor Au-Hg alloy (<5%) and no pure gold (Fig. 4.8, 4.9). Mercury 
contents of Au-Hg alloys range between 2.4 and 2.9 wt%. Gold grain composition changes cannot 
be distinguished based on morphology and surface textures as grains are relatively compositionally 
homogeneous and not zoned. A ternary wt% Au-Ag-Hg diagram and plot of wt% Hg versus wt% 
Ag for gold compositions form two populations (Fig. 4.8, 4.9). One with high Ag-Hg and another 
with low Ag-Hg. The two populations likely represent measurements from the core and the 
edges/rims of gold grains or two separate types of gold; primary hypogene and secondary 
supergene. 
 
Table 4.2: Statistics of 40 SEM-EDS spot analyses of 7 Ag-Hg bearing gold grains at the Waitahuna 
Heights lode. Compositions normalized to 100 wt%. 
Waitahuna Heights lode Wt% Au Wt% Ag Wt% Hg 
Maximum 99.04 9.57 8.06 
Minimum 87.81 0 0.65 
Average 92.25 3.51 4.24 





Figure 4.7: Backscattered electron SEM-EDS images. A) Coarsely crystalline gold intergrown with quartz 
at the top edge of the grain. B) Coarsely crystalline gold. C) Coarsely crystalline gold. Grain clearly 
illustrates irregular boundaries flattened and deformed as a result of crushing. D) Cinnabar (bright) 





Figure 4.8: Plot of wt% Hg versus wt% Ag for gold compositions at the Waitahuna Heights lode forming 
two populations. One with high Ag-Hg and another with low Ag-Hg. 
 
 
Figure 4.9: Ternary wt% Au-Ag-Hg diagram of gold compositions at the Waitahuna Heights lode forming 




4.7.1 Early Stage 
Within the damage zone of the mineralised fault, host Otago Schist has been fractured and infilled 
with calcite and sulphides during the first stage of deposition. Calcite filled fracture veins 
crosscutting perpendicular to the host schist foliation contain sulphides. At the contact between 
the schist and a calcite vein, galena and tetrahedrite occurs as inclusions in pyrite (Fig. 4.10). 
Chalcopyrite rimmed with pyrite has intergrown with cinnabar within a calcite vein (Fig. 4.11A,B). 
Calcite occurs throughout the host schist (Fig. 4.12). Cinnabar and Hg-bearing tetrahedrite occur 
as inclusions in pyrite (Fig. 4.12). Hg-bearing tetrahedrite occurs as inclusions in the chalcopyrite, 
and pyrite is intergrown with chalcopyrite (Fig. 4.12). Cinnabar, Fe-oxide, pyrite and gold was 
panned out of schist and quartz vein material from the adit, however, the material was too 
weathered to identify whether they all originated from quartz or calcite. Some grains were found 
associated with quartz (Fig. 4.7). 
 
 
Figure 4.10: Backscattered electron SEM-EDS images of galena and tetrahedrite occurring as inclusions 




Figure 4.11: Backscattered electron SEM-EDS images. A) A sulphide bearing calcite vein crosscutting 
the host schist. B) A closer view of the relationship between pyrite, cinnabar and chalcopyrite in the 




Figure 4.12: Backscattered electron SEM-EDS images. A) Pyrite and chalcopyrite in calcite and quartz. 
B) A corresponding image emphasising fine inclusions of cinnabar and tetrahedrite within larger pyrite 




Strongly fractured areas of the host schist have been brecciated with schist fragments cemented by 
calcite (Fig. 4.13A). As in the mineralised schist, cinnabar and tetrahedrite occurs as inclusions in 
pyrite and Fe-oxide (Fig. 4.13, 4.14A). HgSe occurs, where selenium (Se) has replaced the sulphur 
(S) in cinnabar (HgS), alongside Fe-oxide minerals (Fig. 4.14B). The concentration of Ca-epidote 
in the mineralised schist has decreased significantly compared to unaltered schist from the same 
area, while calcite has increased significantly. Rutile occurs as a hydrothermal alteration product 
of titanite, and kaolinite is a secondary alteration product due to weathering of chlorite in the schist. 
As brecciation has obliterated features relating to the paragenetic sequence it is proposed that 
brecciation occurred during mineralisation of the schist, or later in the paragenetic sequence. Thus, 
it is assumed fracturing and brecciation, observed in breccias and mineralised schist at the 
Waitahuna Heights lode, led to the deposition of quartz (massive buck) + calcite + pyrite + 
chalcopyrite + galena + cinnabar + tetrahedrite + gold.  
 
4.7.2 Later Stage 
Later stage fracturing, observed in the breccias, is inferred to have led to the deposition of 




Figure 4.13: Backscattered electron SEM-EDS images. A) Entrained fragments of schist cemented by 





Figure 4.14: Backscattered electron SEM-EDS images. A) Cinnabar and tetrahedrite occurring as 




Chapter Five: Antimony  
5.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Antimony lode in the Waipori goldfield. Mapping constrains the present day structural geology of 
the lode. A sample from the Otago University rock collection collected from this locality, and 
samples collected during this study, were used to understand the mineralogy, geochemistry and 
textures of the deposit. It is unknown whether the Otago University sample was collected in situ 
or from a nearby waste pile. Therefore, this chapter describes and constrains the structural controls 
on the vein system, and identifies styles of mineralisation and the paragenesis of the lode. 
 
5.2 Structure 
Antimony lodes outcrop along Stony Creek, northwest of Lake Mahinerangi, as a series of highly 
weathered, poorly exposed historic workings (Fig. 3.3). Samples were obtained from waste piles 
of two workings and measurements from one (Fig. 5.1). The structural controls on the other historic 
deposits, Bella’s, Fulton’s and Buck’s lodes, could not be determined due to lack of exposure. 
Significant sluicing was observed across the area. Evidence for sluicing occurs in the form of 
artificial channels cutting across the landscape, and scars where large quantities of alluvial gravels 
have been removed. These channels were used to transport water to separate gold from alluvial 
gravels more efficiently. 
 
Antimony No.1 consists of an inaccessible shaft driven approximately 3 m deep. The surrounding 
schist has a foliation orientation of 078/33 S and has been inferred to be crosscut by a fault hosting 
a stibnite-bearing quartz vein. Evidence for this has been provided from an adjacent waste pile 
(Fig. 5.2). Antimony No.2 consists of abandoned, flooded and inaccessible shafts, and surface 
workings. A steeply dipping mineralised subparallel fracture zone north of the main fault, oriented 
108/72 N, occurs near surface trench workings. The host schist has a foliation orientation of 055/32 
SE and has been crosscut by the fault. Fractures in the hangingwall schist adjacent to the fault zone 
have an orientation of 106/65 N (Fig. 5.1). The fault zone is mineralised, composed of silicified 
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schist, disrupted schist, breccias and quartz veins. Silicified schist and quartz veins appear to be 
located on the hangingwall side of the fault. Disrupted schist, breccias and quartz veins appear to 
be located on the footwall side of the fault. Localised warping adjacent to the fault zone was unable 
to be determined due to poor exposure. The sense of fault motion could not be determined due to 
poor exposure. The mineralised fault is perpendicular to the host schist quartz rodding direction. 
 
 






A vein of quartz and stibnite (ANT-1SV), collected from the waste pile next to the Antimony No.1 
shaft, crosscuts the host Otago Schist foliation at an angle (30o). The vein is composed of 
centimetre-scale aggregates of massive euhedral and subhedral acicular stibnite grains, subhedral 
to anhedral pyrite, and subhedral to euhedral comb structure quartz infilling dilational cavities. At 
the contact between the schist and the quartz-stibnite vein is a thin cataclasite composed of very 
fine fragmented quartz, pyrite and arsenopyrite. The schist is significantly silicified and contains 
a large white metamorphic quartz segregation vein parallel to the foliation (Fig. 5.2A). A quartz 
vein (ANT-1QV) collected from the waste pile next to the Antimony No.1 shaft is composed of 
schist and stibnite intergrown with comb quartz. Euhedral comb structure growths of quartz radiate 
throughout the sample with most appearing to nucleate outwards from schist and stibnite within 
the vein (Fig. 5.2B). A cataclasite of very fine quartz fragments, pyrite and arsenopyrite is located 
at the edge of the vein. This is similar to the very fine quartz, pyrite and arsenopyrite cataclasite 
observed in the schist-vein sample (ANT-1SV).  
 
A vein of quartz and stibnite (ANT-2SV), collected from the waste pile next to the Antimony No.2 
shaft, crosscuts the host Otago Schist foliation at an angle (70o). The vein is composed of 
centimetre-scale aggregates of massive euhedral and subhedral acicular stibnite grains. A large 
white quartz vein roughly marks the contact between the stibnite vein and the schist. The schist is 
significantly silicified and fractured. Metamorphic quartz segregation veins lie parallel with the 
foliation. Thin mm to cm wide veins of stibnite crosscut the schist foliation adjacent to the larger 
vein. Minor pyrite occurs as finely disseminated grains and aggregates in the schist (Fig. 5.3A). 
Another vein of quartz and stibnite (ANT-1QV), collected from the Antimony No.2 lode trench 
workings, is composed of a number of grey-white-yellow stibnite oxidation minerals, stibiconite 






Figure 5.2: Polished hand specimen from the Antimony No.1 lode waste pile of A) a white comb structure 
quartz-stibnite vein crosscutting the host Otago Schist foliation. Sample ANT-1SV. B) A quartz vein 
composed of schist fragments, arsenopyrite, pyrite and stibnite intergrown with euhedral comb structure 




Figure 5.3: Polished hand specimen of A) a quartz-stibnite vein crosscutting the host Otago Schist 
foliation at an angle. Sample ANT-2SV from the Antimony No.2 lode tailings pile. B) A weathered quartz-
stibnite vein with stibiconite and romeite. Sample ANT-1OV from the Antimony No.2 lode trench workings.  
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5.4 Petrographic Description 
In thin section, hydrothermal quartz-stibnite veins consist of primary growth comb structure quartz 
(Fig. 5.4). White syntaxial comb structure quartz crystals are oriented perpendicular to growth 
surface vein walls and are parallel to sub parallel, prismatic, euhedral and variable in size. White 
comb structure quartz is intergrown with aggregates of acicular stibnite needles infilling open 
space cavities (Fig. 5.4, Fig. 5.6). Visible fluid inclusions result in the dusty nature of the larger 
comb structure quartz grains. Fine grained metamorphic quartz and muscovite fragments occur 
within the vein (Fig. 5.4). Within the schist, aggregates of hydrothermal comb quartz and acicular 
stibnite form thin veins, <0.5 cm, parallel to the main hydrothermal vein (Fig. 5.5). The contact 
between the hydrothermal comb quartz-stibnite vein and the host schist, in sample ANT-2SV, is 
distinctive as the metamorphic quartz grain size is much finer than the comb quartz in the vein 
(Fig. 5.5). The contact between the quartz-stibnite vein and the schist is vastly different in sample 
ANT-1SV (Fig. 5.6). This contact zone involves a 1-4 mm wide cataclastic zone consisting of very 
fine dark fragmented metamorphic quartz and muscovite packed with arsenopyrite and pyrite. The 
schist adjacent to this zone is highly silicified, containing abundant pyrite, arsenopyrite and minor 
stibnite. The quartz vein (ANT-1QV) consists of primary growth textures; comb and zonal (Fig. 
5.7). Hydrothermal comb structure quartz crystals are oriented perpendicular to the growth surface 
of entrained fragments as rims nucleating outwards. They are parallel to sub parallel, prismatic, 
euhedral and variable in size. Minor zonal texture is observed in comb structure quartz as dusty 
inclusions parallel to the crystal growth face. Visible fluid inclusions result in the dusty appearance 






Figure 5.4: Photomicrograph of a comb quartz-stibnite vein in A) plane polarised light, and B) cross 




Figure 5.5: Photomicrograph of a comb quartz-stibnite vein crosscutting the host Otago Schist foliation in 




Figure 5.6: Photomicrograph of a comb quartz-stibnite vein, the host Otago Schist and a cataclasite at 




Figure 5.7: Photomicrograph of zoned comb quartz in A) plane polarised light, and B) cross polarised 




SEM-EDS analysis identified quartz, calcite (CaCO3), rutile (TiO2), pyrite (FeS2), arsenopyrite 
(FeAsS), stibnite (Sb2S3), stibiconite (Sb3O6(OH)) and schist fragments in the quartz vein (ANT-
1QV, ANT-1SV, OU35756). Mineralisation extends into the host schist adjacent to the veins. 
Quartz, albite, chlorite, muscovite, apatite, rutile, zircon, monazite, stibnite, stibiconite, pyrite, 
arsenopyrite, scorodite (FeAsO4·2H2O), Fe ± Sb ± As oxide (tripuhyite (FeSbO4) or scorodite 
(FeAsO4·2H2O ± Sb)), sphalerite ((Zn,Fe)S), galena (PbS), cobaltite (CoAsS), gersdorffite 
(NiAsS), tetrahedrite ((Cu,Fe)12Sb4S13), cinnabar (HgS) and gold (Au) were identified in the 
adjacent host schist (ANT-1SV, ANT-2SV).  
 
Sample ANT-2OV, a highly weathered quartz-stibnite vein, is different to fresh, unweathered/less 
weathered samples collected from the same area (Fig. 5.3B). XRD analysis indicates the presence 
of secondary minerals, romeite (NaCa0.5Fe0.5Sb2O6(OH)) and stibiconite (Sb3O6(OH)), as a result 
of weathering. Although the original constituents may have resembled ANT-2SV constituents, 
significant oxidation has changed the structure of the constituent mineralogy. 
 
Table 5.1: Distribution of minerals observed at the Antimony lode. 
Antimony  rom sbc sco sche asp pyr gal stb cin tetr ger cal sph cob Au rut 
Cataclasite     X X  X         
Schist  X X  X X X X X X X  X X X X 
Vein X X X X X X  X    X     
 
5.6 Paragenesis 
Within the damage zone of fracturing, faulting and brittle shearing, host Otago Schist has been 
silicified and infilled with quartz, sulphides, calcite, scheelite and gold. This resulted in the 
deposition of quartz (comb structure) + pyrite + arsenopyrite + stibnite + sphalerite + tetrahedrite 
+ gersdorffite + galena + cinnabar + gold + calcite + scheelite (Fig. 5.8-5.13).  The host schist 
adjacent to the quartz vein has been silicified by fine grained quartz and sulphides. Silicified schist 
contains arsenopyrite grains rimmed by scorodite, a later stage oxidation of arsenopyrite. Sb 
content is likely from weathered stibnite. Scorodite has an association with microparticulate 
cinnabar (Fig. 5.8) and gold (Fig. 5.9). Later oxidation of arsenopyrite has liberated refractory gold 
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and some of this gold may have been remobilised and/or grown in situ to form supergene gold 
grains in the near surface environment. Gersdorffite is associated with pyrite (Fig. 5.10). Rutile, a 
secondary mineral, replaces titanite in the schist. Brittle shearing led to the development of a 
cataclasite (Fig. 5.6, 5.11A). Arsenopyrite overgrows pyrite (Fig. 5.11A). Quartz in the cataclasite 
consists of anhedral dark grey fragmented metamorphic quartz and muscovite packed with 
euhedral pyrite and arsenopyrite. The hydrothermal vein contains coarse grained zoned comb 
quartz, entrained metamorphic quartz and muscovite, acicular stibnite and pyrite (Fig. 5.6, 
5.11A,B). Calcite deposition is based on stibnite + calcite associations observed in the vein (Fig. 
5.12A). The vein is composed of white comb structure quartz nucleating outward from entrained 
schist fragments (Fig. 5.7). Free stibnite (Fig. 5.12B,C) and scheelite (Fig. 5.13) occur in quartz. 
Phyllosilicates have been replaced by quartz, arsenopyrite and pyrite (Fig. 5.13). 
 
 
Figure 5.8: Backscattered electron SEM-EDS image of arsenopyrite oxidised to scorodite, FeSbAs-oxide 




Figure 5.9: Backscattered electron SEM-EDS images. A,B) Associations between an aggregate of 
sulphides, oxide minerals, and gold in the silicified schist. C) Close up image showing tetrahedrite, 




Figure 5.10: Backscattered electron SEM-EDS images. A) Arsenopyrite oxidised to scorodite. B) 





Figure 5.11: Backscattered electron SEM-EDS images. A) Clusters of arsenopyrite and pyrite, and free 
stibnite in fine metamorphic quartz in the cataclasite between the schist and the quartz-stibnite vein. 





Figure 5.12: Backscattered electron SEM-EDS images. A) Vein composed of quartz, calcite and stibnite. 
Acicular stibnite is bound to the calcite. B) Free grains of stibnite in quartz rimmed with stibiconite. C) 




Figure 5.13: Backscattered electron SEM-EDS images. A) Vein composed of quartz with pyrite, 
arsenopyrite and scheelite. B) Close up image showing scheelite textures and association with 
arsenopyrite. Sample ANT-1QV.  
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Chapter Six: Bella’s  
6.1 Introduction 
The following chapter provides an understanding of the geology of Bella’s lode in the Waipori 
goldfield. Samples in the Otago University rock collection collected from this locality, and samples 
collected during this study, were used to understand the mineralogy, geochemistry and textures of 
the deposit. It is unknown whether the Otago University sample was collected in situ or from a 




A quartz vein (BEL-1QV) collected from a gully below Bella’s lode is clear-white with prominent 
syntaxial comb structure quartz growth textures throughout. Comb quartz also has zoning textures 
observed as changes between clear and white quartz on the growth face. The vein contains Fe-
oxide staining throughout that outlines quartz comb crystals. Open cavity hydrothermal prismatic 
comb quartz clusters are observed and it appears to be devoid of sulphides. Host schist fragments 
are found entrained within the quartz (Fig. 6.1A). 
 
A chaotic fault breccia, obtained from the Otago University rock collection (OU44498), is thought 
to derive from Bella’s lode. The breccia is green-white and composed of randomly oriented 
fragments of quartz, schist, additional chlorite, quartz and minor sulphides in a calcite cement (Fig. 






Figure 6.1: Polished hand specimens of A) a quartz vein thought to derive from Bella’s lode. Found in a 
gully below the lode (‘float’). Sample BEL-1QV. B) A chaotic fault breccia sample thought to derive from 
Bella’s lode. Obtained from the Otago University rock collection. Sample OU44498.  
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6.3 Petrographic Description 
In thin section, massive buck structure quartz and calcite dominates the later infill matrix of the 
breccia (OU44498) (Fig. 6.2). Entrained host schist fragments consist of monocrystalline and 
polycrystalline metamorphic quartz and plagioclase. Quartz grains are anhedral, and grains display 
minor undulose extinction. Quartz grains vary in size, from 0.2-30 mm for polycrystalline grains 
and 0.01-0.5 mm for monocrystalline grains. Chlorite occurs as yellow-green to green, patchy 
anhedral grains in plane polarised light, and anomalous blue colours in cross polarised light. 
Chlorite grains are dispersed throughout the breccia matrix, intergrown with quartz-plagioclase, 
calcite and muscovite. Chlorite commonly fills fractures in quartz grains. Muscovite occurs 
throughout as clumps of grains or more commonly as fine aggregates throughout the quartz-
plagioclase matrix. Calcite displays typical rhombohedral cleavage in grains up to 7 mm, and 
occurs in veins and aggregates throughout. Calcite occurs as euhedral and anhedral grains. Pyrite 







Figure 6.2: Photomicrograph of a breccia from Bella’s lode exhibiting quartz, plagioclase, chlorite, 





SEM-EDS analysis identified quartz, albite, muscovite, chlorite, calcite (CaCO3), rutile (TiO2), 
titanite, monazite, zircon, stibnite (Sb2S3), arsenopyrite (FeAsS), pyrite (FeS2), cinnabar (HgS), 
chalcopyrite (CuFeS2), and tetrahedrite ((Cu,Fe)12Sb4S13 ± Hg) in the breccia (OU44498). 
 
6.5 Paragenesis 
6.5.1 Early Stage 
Heavily fractured areas of the host schist have been brecciated during the first stage of faulting, 
resulting in schist fragments cementing together with an influx of calcite and massive buck 
structure quartz (Fig. 6.2, 6.3A,B). Rutile, a secondary mineral, replaces titanite (Fig. 6.3A). 
Suphides have replaced epidote, muscovite, chlorite and albite (Fig. 6.3A). As brecciation has 
obliterated features relating to the paragenetic sequence it is proposed that brecciation occurred 
during initial mineralisation and vein formation, or later in the paragenetic sequence. Thus, it is 
assumed first stage of fracturing and brecciation at Bella’s lode led to deposition of quartz (massive 
buck structure in the breccia and comb structure in the quartz vein) + stibnite + arsenopyrite + 
pyrite + chalcopyrite + cinnabar + tetrahedrite + calcite (Fig. 6.3B, 6.4A,B). 
 
6.5.2 Later Stage 
Later stage fracturing, observed in the breccia, is inferred to have led to the deposition of 





Figure 6.3: Backscattered electron SEM-EDS images. A) Chlorite, muscovite replaced by the sulphides 





Figure 6.4: Backscattered electron SEM-EDS images. A) Stibnite and pyrite replacing chlorite. B) 




Chapter Seven: Cox’s  
7.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of Cox’s 
lode in the Waipori goldfield. Mapping constrains the present day structural geology of the lode. 
Samples collected from this locality were used to understand the mineralogy, geochemistry and 
textures of the deposit. Therefore, this chapter describes and constrains the structural controls on 
the vein system, and identifies styles of mineralisation and the paragenesis of the lode. 
 
7.2 Structure 
Cox’s lode outcrops east of Lammerlaw River as a series of historic workings (Fig. 3.3). Samples 
and measurements were obtained from two workings, consisting of adits and trenches. The 
trenches are now covered in sediment and grass/tussock cover, and schist within the adits is 
extremely weathered. A third working covered in gorse and native shrub is located further east 
towards the river. The structural controls on the other ore bodies in this area, South Cox’s and 
Cosmopolitan lodes, could not be determined due to lack of exposure. 
 
Cox’s No.1 adit extends for 15 m underground with a number of faults and fractures throughout 
(Fig. 7.1, 7.2). An outcropping fault, bearing a quartz vein (V3) runs the length of the adit, oriented 
094/60 N two metres before the end of the adit, and 090/80 N at the adits entrance. At 13 m from 
the entrance, the fault splits into two faults, 094/45 N (northern fault) and 094/78 N (southern 
fault). These faults cross cut the schist foliation at a steep angle. A block of schist situated between 
the two faults contains thin quartz veins (V2), <2 cm thick, oriented at 165/24 NE, cutting the 
foliation at a shallow angle, and numerous vertical fractures (Fig. 7.2A). The foliation has an 
orientation of 176/10 NE. A fault on the north face of the adit has an orientation progression of 





Figure 7.1: Outcrop photo of Cox’s No.1 adit displaying the fault planes hosting mineralised quartz. Local 
warping of the schist foliation in the hangingwall and footwall is weak and confined to a few centimetres 
from the fault zone. The inferred fault movement indicated by this warping is normal. 
 
The fault zones are mineralised, infilled with quartz veins. The quartz veins are 3-5 cm thick and 
confined to the fault planes. Narrow zones of gouge in the fault plane consist of a white-grey-black 
clay. They are 1 cm thick and located on either side of the quartz veins. Fault movement could not 
be accurately determined due to weak localised warping adjacent to the fault zones. The inferred 






Figure 7.2: Outcrop photo of Cox’s No.1 adit. A) The southern fault vein with abundant fracturing in the 
hangingwall of the host schist. B) The northern fault vein with sub-vertical smaller fault veins crosscutting 
the hangingwall of the host schist. 
 
The lower level Cox’s No.2 adit extends for 4 m underground. An outcropping fault runs the length 
of the adit, oriented 090/90, as seen at the end of the adit (Fig. 7.3). The dip of the fault alternates 
between north and south but remains relatively sub vertical. The top of the fault is oriented 090/60 
N. The fault crosscuts the foliation. Pre-existing post-metamorphic joints are subparallel to parallel 
to the fault zone. The mineralised fault is perpendicular to the host schist quartz rodding direction. 
 
The fault zone is mineralised and infilled with a 3 cm wide quartz vein. This vein is confined to 
the fault plane and bordered by zones of gouge. The fault gouge consists of a white-grey-black 
clay material. It is 5 cm thick at the top of the fault, 1-2 cm thick further down. Localised warping 
adjacent to the fault zones suggests reverse fault movement, however the fault is very steep, sub 
vertical, and alternates between N- and S-dipping. This localised warping could be the result of 
fault reactivation or a southerly dip at depth. Foliation in the north wall is folded downwards and 
steepens within 15 cm of the fault. Foliation in the south wall is folded upwards and steepens 





Figure 7.3: Outcrop photo of Cox’s No.2 adit displaying the fault plane hosting mineralised quartz. Local 
warping of the schist foliation is indicative of high-angle reverse faulting or an overall normal fault that 





Thin quartz veins 30 mm wide (COX-1QZ), collected from Cox’s lode, consist of clear-white-grey 
quartz bearing disseminated arsenopyrite grains, visible free gold blebs and prominent syntaxial 
comb structure quartz growth textures throughout. This has formed a network of interlocking 
quartz ‘teeth’ at the centre of the vein and prismatic quartz growths in open space cavities, growing 
inward from the fault wall. The vein contains Fe-oxide staining throughout that outlines quartz 
comb crystals. The margin of the vein is characterised by brecciated schist infilled with quartz, 
sulphides, such as arsenopyrite and galena, and visible gold. The centre of the vein is composed 
of comb structure quartz. A second comb structure is located at the other edge of the vein. Between 
the two sets of comb structures is a zone of silicified schist with sulphides, such as arsenopyrite 
and pyrite, and scheelite (Fig. 7.4).  
 
 
Figure 7.4: Polished hand specimen of euhedral prismatic comb structure quartz infilling a vein and 




7.4 Petrographic Description 
In thin section, the quartz vein (COX-1QZ) consists of primary growth textures; comb, zonal and 
massive buck structure (Fig. 7.5). Comb structure quartz crystals are oriented perpendicular to 
growth surface vein walls and are parallel to sub parallel, prismatic, euhedral and variable in size. 
Minor zonal texture is observed in comb structure quartz as inclusions parallel to the crystal growth 
face. Massive buck structure quartz occurs as relatively homogeneous anhedral interlocking dusty 
quartz grains, variable in size, up to 3 mm, in the breccia and silicified schist slithers. Sulphides ± 
gold and free gold are observed in massive buck structure quartz and comb structure quartz. 
Sulphides and gold are generally concentrated and localised by fractures in massive buck quartz, 
and grain boundaries in comb structure quartz. Thin fine grained quartz-muscovite silicified schist 






Figure 7.5: Photomicrograph of zoned comb structure quartz in A) plane polarised light, and B) cross 





SEM-EDS analysis identified quartz, muscovite, rutile (TiO2), titanite, monazite, zircon, scheelite 
(CaWO4), pyrite (FeS2), arsenopyrite (FeAsS), scorodite (FeAsO4·2H2O), galena (PbS), 
boulangerite (Pb5Sb4S11), barite (BaSO4), and gold (Au ± Ag ± Hg) in the quartz vein (COX-1QZ). 
Quartz, albite, muscovite, chlorite, rutile, zircon, monazite and Fe-oxide (after pyrite?) were 
identified in the hangingwall schist (COX-1HW). Quartz, albite, chlorite, rutile, zircon and 
monazite were identified in the footwall schist (COX-1FW). 
 
Sample COX-1FG, fault gouge material, is different to fresh schist collected from the same area. 
XRD analysis indicates the presence of a secondary mineral, kaolinite (Al2Si2O5(OH)4), as a result 
of weathering, and quartz and muscovite. Although the original constituents may have resembled 
schist constituents, alteration and weathering has changed the structure of the constituent 
mineralogy. 
 
Table 7.1: Distribution of minerals observed at Cox’s lode. 
Cox’s  Fe-ox sco asp pyr gal bol sche bar rut kao Au 
Vein X X X X X X X X X  X 
Hangingwall X        X   
Footwall         X   
Fault gouge          X  
 
7.6 Gold  
Three sub-types of gold have been identified based on morphology. These include: 1) coarsely 
crystalline gold ± intergrown with quartz (Fig 7.6), 2) coarsely crystalline gold with cavities (Fig. 
7.6A-C), 3) coarsely crystalline gold intergrown with arsenopyrite, and fine specks of gold coating 
arsenopyrite (Fig. 7.6D). Gold was retrieved through crushing of quartz vein samples. Grains 
obtained from crushing were poorly sorted and ranged from angular to round in shape at grain 
boundaries with quartz and arsenopyrite. Grain boundaries are often irregular in shape (Fig. 7.6A). 
Deformation textures; refolding, flattening and gouging, are assumed to be a result of crushing. 
Original grain boundaries of grains devoid of arsenopyrite and/or quartz have been flattened during 
crushing (Fig. 7.6C). Coarse crystalline gold occurs up to 300 μm in diameter. Surface textures 
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consist of smooth, clean surfaces, and porous shallow and deep cavities. Gold extracted by 
crushing of quartz is typically nuggety (supergene) gold (Fig. 7.6). SEM-EDS analysis has 
identified microparticulate gold occurring as inclusions in scorodite (after arsenopyrite) (Fig. 
7.9B). 
 
Gold compositions were obtained from unpolished grains using SEM-EDS spot analysis using Au-
Ag alloy and HgTe standards, and normalized to 100 wt% (Table 7.2). Gold is predominately Au-
Ag-Hg alloy (63%), with Au-Ag alloy (20%), Au-Hg alloy (13%) and pure gold (4%) (Fig. 7.7, 
7.8). Mercury contents of Au-Hg alloys is typically lower than in Au-Ag-Hg alloys, ranging 
between 0.2 and 2.3 wt%. Silver content in Au-Ag alloys ranges between 0.2 and 4 wt%. Gold 
grain composition changes cannot be distinguished based on morphology and surface textures as 
grains are relatively compositionally homogeneous and not zoned. A ternary wt% Au-Ag-Hg 
diagram and plot of wt% Hg versus wt% Ag for gold compositions form two populations (Fig. 7.7, 
7.8). One with high Ag-Hg and another with low Ag-Hg. The two populations likely represent 
measurements from the core and the edges/rims of gold grains or two separate types of gold; 
primary hypogene and secondary supergene. 
 
Table 7.2: Statistics from 76 SEM-EDS spot analyses of 64 Ag-Hg bearing gold grains at Cox’s lode. 
Compositions normalized to 100 wt%. 
Cox’s lode Wt% Au Wt% Ag Wt% Hg 
Maximum 100 5.15 9.15 
Minimum 87.26 0 0 
Average 96.47 1.94 1.6 






Figure 7.6: Backscattered electron SEM-EDS images. A) A polished section of coarsely crystalline gold 
in quartz exhibiting a homogenous interior. B) Coarsely crystalline gold in quartz with shallow and deep 
cavities. C) Coarsely crystalline gold with smooth deformed surface on the top half of the grain and 
cavities across the bottom half of the grain. D) Fine specks of gold (bright) coat arsenopyrite (dull) to the 





Figure 7.7: Plot of wt% Hg versus wt% Ag for gold compositions at Cox’s lode forming two populations. 
One with high Ag-Hg and another with low Ag-Hg. 
 
 
Figure 7.8: Ternary wt% Au-Ag-Hg diagram of gold compositions at Cox’s lode forming two populations. 




7.7.1 Early Stage 
Within the damage zone of the first stage of fracturing and faulting, host Otago Schist has been 
fractured and infilled with quartz, sulphides, scheelite and gold. Free gold blebs appear within 
early white comb structure quartz veins (Fig. 7.6). Scheelite occurs as free grains in quartz or as 
inclusions in hydrothermal rutile, in entrained silicified schist (Fig. 7.9A). The breccia, on the 
margins of the quartz vein, consists of anhedral dark grey quartz with arsenopyrite and Fe-oxide. 
Fe-oxide, inferred as oxidised pyrite, contains galena and boulangerite (Fig. 7.10A). Arsenopyrite 
grains are rimmed by scorodite, a weathering product of arsenopyrite. Scorodite has an association 
with micron scale, high fineness gold (Fig. 7.9B). Later oxidation of arsenopyrite has liberated 
refractory gold and some of this gold may have been remobilised and/or grown in situ to form 
supergene gold grains in the near surface environment. Late stage weathering of arsenopyrite has 
developed barite (Fig. 7.10B). As brecciation has obliterated many features relating to the 
paragenetic sequence it is proposed that brecciation occurred during the first stage of 
mineralisation or later in the paragenetic sequence. Thus, the first stage of mineralisation resulted 
in the deposition of quartz (comb structure) + arsenopyrite + rutile + scheelite + Fe-oxide (pyrite?) 
+ galena + boulangerite + gold. 
 
7.7.2 Later Stage 






Figure 7.9: Backscattered electron SEM-EDS images. A) Free grains of scheelite in quartz, scorodite, 





Figure 7.10: Backscattered electron SEM-EDS images. A) Galena and boulangerite within a Fe-oxide. B) 
Arsenopyrite oxidised to scorodite, and barite replacing arsenopyrite. Sample COX-1QZ.  
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Chapter Eight: Devils Creek  
8.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Devils Creek lode in the Waipori goldfield. Mapping constrains the present day structural geology 
of the lode. Samples collected from this locality were used to understand the mineralogy, 
geochemistry and textures of the deposit. Therefore, this Chapter describes and constrains the 
structural controls on the vein system, and identifies styles of mineralisation and the paragenesis 
of the lode. 
 
8.2 Structure 
The historic workings of the Devils Creek lode outcrop north of Cox’s lode (Fig. 3.3). Samples 
and measurements were obtained from one working (Fig. 8.1). The structural controls on the other 
historic deposits in this area, Boatman’s, Bootleman’s, Deep Stream and Fiddlers could not be 
determined due to lack of exposure. Significant sluicing was observed across the area. Evidence 
for sluicing occurs in the form of artificial channels cutting across the landscape, and scars where 
large quantities of alluvial gravels have been removed. These channels were used to transport water 
to separate gold from alluvial gravels more efficiently. 
 
A fault cuts the host schist, oriented at 073/70 SE. The hangingwall schist has a foliation 
orientation of 080/24 SE. The fault zone is mineralised and infilled with a quartz vein. The quartz 
vein is 15 cm thick, confined to the fault plane and situated adjacent to a narrow zone of gouge. 
The fault gouge consists of a light brown clay. It is 1-2 cm thick and located on the hangingwall 
side of the fault, above the quartz vein. Localised warping adjacent to the fault zone suggests 
normal fault movement. Foliation in the hangingwall is folded upwards and steepens within 20 cm 





Figure 8.1: Outcrop photo of Devils Creek adit displaying the fault plane hosting mineralised quartz. 
Local warping of the schist foliation in the hangingwall is indicative of normal faulting. 
 
8.3 Observations 
A vein of quartz (DEV-1QZ), collected from the Devils Creek lode, is composed of clear-grey 






Figure 8.2: Polished hand specimen of a quartz vein bearing arsenopyrite. Sample DEV-1QZ. 
 
8.4 Petrographic Description 
In thin section, the quartz vein (DEV-1QZ) consist of syntaxial comb structure primary growth 
quartz textures (Fig. 8.3). Comb structure quartz occurs as anhedral inclusion-rich quartz grains, 
up to 4 mm. Sulphides observed in quartz include arsenopyrite and pyrite.  
 
8.5 Mineralogy 
SEM-EDS analysis identified quartz, muscovite, pyrite (FeS2), arsenopyrite (FeAsS) and galena 
(PbS) in the quartz vein. Pyrite has been oxidised to a Fe-oxide, and arsenopyrite to scorodite 




In the hangingwall schist SEM-EDS analysis identified quartz, albite, chlorite, muscovite, titanite, 
rutile (TiO2), epidote, zircon, monazite, gold (Au ± Hg), scheelite, and galena. Quartz, albite, 
muscovite, rutile, zircon, monazite were identified in the footwall schist. 
 
Table 8.1: Distribution of minerals observed at Devils Creek lode. 
Devils Creek  Fe-oxide sco asp pyr gal sche rut Au 
Vein X X X X X X   
Hangingwall     X X X X 
Footwall       X  
 
8.6 Paragenesis 
Within the damage zone of the fault at Devils Creek lode, host Otago Schist has been fractured 
and infilled with quartz, sulphides, scheelite and gold (Fig. 8.4A,B). This involved the deposition 
of quartz (comb structure) + pyrite + arsenopyrite + galena + scheelite + gold. SEM-EDS analysis 












Figure 8.4: Backscattered electron SEM-EDS images. A,B) Fe-oxide associated with scorodite, and 
galena occurring as inclusions in scorodite in the quartz vein. Sample DEV-2QZ.  
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Chapter Nine: North O.P.Q.  
9.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
North O.P.Q. lode in the Waipori goldfield. Mapping constrains the present day structural geology 
of the lode. Samples collected from this locality were used to understand the mineralogy, 
geochemistry and textures of the deposit. Therefore, this chapter describes and constrains the 
structural controls on the vein system, and identifies styles of mineralisation and the paragenesis 
of the lode. 
 
9.2 Structure 
North O.P.Q. lode outcrops in a gully south of Lake Mahinerangi, north of the O.P.Q. reserve, as 
a historic working (Fig. 3.3). Samples and measurements were obtained from the working (Fig. 
9.1). The structural controls on the other ore bodies in the area, Canton, O.P.Q., Ox Burn and 
Victory lodes, could not be determined due to lack of exposure. 
 
North O.P.Q. adit extends for 10 m underground. 3 m into the adit a fault cuts the host schist, 
oriented at 158/58 NE. The footwall schist has a foliation orientation of 048/20 NW, and 034/18 
NW in the hanging wall. Pre-existing post-metamorphic joints are subparallel to parallel to the 
fault zone. The fault zone is mineralised and infilled with a 4 cm wide quartz vein that is bordered 
by a narrow zone of gouge on the hangingwall side of the vein. The fault gouge consists of a 1 cm 





Figure 9.1: Outcrop photo of the North O.P.Q. adit displaying the fault plane hosting a mineralised quartz 
vein. Local warping of the schist foliation in the hangingwall and footwall is indicative of normal faulting. 
 
Localised warping adjacent to the fault zones suggests normal fault movement. Foliation in the 
footwall is tilted downwards and steepens within 10 cm of the fault from the south. Foliation in 
the hangingwall is folded upwards and steepens within 10 cm of the fault. A few smaller faults 
and fractures, 0.5-1 cm thick, 5 m further south in the adit have orientations of 169/51 NE and 





Figure 9.2: Outcrop photo of the North O.P.Q. adit displaying finer faults and fractures in the footwall. 
These are relatively parallel occurring 5 m south of the main mineralised lode. 
 
9.3 Observations 
A vein of quartz (NOPQ-1QZ, NOPQ-2QZ), collected from the North O.P.Q. lode, consists of 
orange-white quartz with prominent comb structure quartz growth textures throughout. This has 
formed a network of interlocking quartz ‘teeth’ at the centre of the vein and prismatic quartz 
growths in open space cavities (Fig. 9.3A,B). The vein contains Fe-oxide staining throughout that 
outlines quartz comb crystals. Disseminated euhedral arsenopyrite grains (Fig. 9.3A,B) and minor 
free gold blebs are found throughout the comb structure quartz. The vein is fractured with 
significant oxidation staining throughout that outlines the quartz comb growths. Fractured quartz 
also contains oxidised sulphides and gold. This looks like liberated refractory gold remobilised 
into cracks as supergene gold. Fractured quartz is present at the boundary with the host schist at 






Figure 9.3: Polished hand specimen of A) a quartz vein bearing sulphides and comb structures. Sample 
NOPQ-1QZ. B) A quartz vein with euhedral arsenopyrite grains and prismatic quartz growths in cavities. 
Sample NOPQ-2QZ.  
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9.4 Petrographic Description 
In thin section, the North O.P.Q. lode (NOPQ-3QZ) consists mainly of quartz with minor 
muscovite, arsenopyrite and gold (Fig. 9.4). The quartz vein consists of primary syntaxial comb 
structure quartz growth textures (Fig. 9.3A,B, 9.4). Comb structure quartz crystals are oriented 
perpendicular to growth surface vein walls and are parallel to sub parallel, prismatic, euhedral and 
variable in size. Sulphides and free gold are observed in comb quartz and fractures. Arsenopyrite 
occurs throughout the comb structure quartz sample as fine, 0.01-0.3 mm, subhedral to euhedral 
disseminated grains.  
 
9.5 Mineralogy 
SEM-EDS analysis identified quartz, albite, chlorite, muscovite, titanite, rutile (TiO2), scheelite 
(CaWO4), galena (PbS), gold (Au ± Ag ± Hg), arsenopyrite (FeAsS), scorodite (FeAsO4·2H2O), 
and cinnabar (HgS) in the quartz vein. 
 
Sample NOPQ-1FG, fault gouge material, is different to fresh schist. XRD analysis indicates the 
presence of secondary minerals, kaolinite (Al2Si2O5(OH)4), as a result of weathering, and albite, 
quartz, muscovite and vermiculite (Mg3Si4O10(OH)2). Although the original constituents may have 








Figure 9.4: Photomicrograph of North O.P.Q. lode exhibiting comb structure quartz and arsenopyrite in A) 





9.6 Gold  
Four sub-types of gold have been identified based on morphology. These include: 1) coarsely 
crystalline gold ± intergrown with quartz (Fig 9.5, 9.6), 2) minor jagged-edged, striated crystalline 
gold (Fig. 9.5B), 3) coarsely crystalline gold with cavities (Fig. 9.5D), and 4) coarsely crystalline 
gold intergrown with arsenopyrite (Fig. 9.6C,D). Gold was retrieved through crushing of quartz 
vein samples. Grains obtained from crushing were poorly sorted and ranged from angular to round 
in shape at grain boundaries with quartz and arsenopyrite. Grain boundaries are often irregular in 
shape (Fig. 9.5A). Deformation textures; refolding, flattening and gouging, are assumed to be a 
result of crushing. Original grain boundaries of grains devoid of arsenopyrite and/or quartz have 
been flattened during crushing (Fig. 9.5B-D). Coarse crystalline gold occurs up to 350 μm in 
diameter. Surface textures consist of smooth, clean surfaces, gouged and striated, and porous 
shallow and deep cavities. Gold is typically nuggety (supergene) gold (Fig. 9.5, 9.6).  
 
Gold compositions were obtained from unpolished grains using SEM-EDS spot analysis using Au-
Ag alloy and HgTe standards, and normalized to 100 wt% (Table 9.1). Gold is predominately Au-
Ag-Hg alloy (>99%), with minor Au-Hg alloy (<1 %) and no pure gold (Fig. 9.7, 9.8). Mercury 
contents of Au-Hg alloys is typically lower than in Au-Ag-Hg alloys, ranging between 1.1 and 3.4 
wt%. Gold grain composition changes cannot be distinguished based on morphology and surface 
textures as grains are relatively compositionally homogeneous and not zoned. A ternary wt% Au-
Ag-Hg diagram and plot of wt% Hg versus wt% Ag for gold compositions form two populations 
(Fig. 9.7, 9.8). One with high Ag-Hg and another with low Ag-Hg. The two populations likely 
represent measurements from the core and the edges/rims of gold grains or two separate types of 
gold; primary hypogene and secondary supergene. 
 
Table 9.1: Statistics from 135 SEM-EDS spot analyses of 52 Ag-Hg bearing gold grains at the North 
O.P.Q. lode. Compositions normalized to 100 wt%. 
North O.P.Q. lode Wt% Au Wt% Ag Wt% Hg 
Maximum 98.86 7.08 11.9 
Minimum 83.56 0 0.65 
Average 91.83 3.61 4.56 





Figure 9.5: Backscattered electron SEM-EDS images. A) A polished section of coarsely crystalline gold 
in quartz exhibiting a homogenous interior. Parallel striations occur running from the bottom left to top 
right. Deep gouges are a result of cutting and polishing of gold. B) Smooth, clean, striated coarsely 





Figure 9.6: Backscattered electron SEM-EDS images. A) Coarsely crystalline gold intergrown with quartz 
in the top right of the grain. B) Coarsely crystalline gold intergrown with varying degrees of Fe-oxide in the 





Figure 9.7: Plot of wt% Hg versus wt% Ag for gold compositions at the North O.P.Q. lode forming two 




Figure 9.8: Ternary wt% Au-Ag-Hg diagram of gold compositions at the North O.P.Q. lode forming two 




9.7.1 Early Stage 
Within the damage zone of the first stage fracturing and faulting, host Otago Schist has been 
infilled with quartz, sulphides, scheelite and gold. This involved the deposition of quartz (comb 
structure) + arsenopyrite + galena + scheelite + cinnabar + gold. Free gold blebs appear within 
early white comb structure quartz veins (Fig. 9.5, 9.6). Later oxidation of arsenopyrite has liberated 
refractory gold and some of this gold may have been remobilised and/or grown in situ to form 
supergene gold grains in the near surface environment. Scheelite occurs as free grains in quartz 
(Fig. 9.9A) and as inclusions in arsenopyrite (Fig. 9.9B). Galena occurs as inclusions in 
arsenopyrite (Fig. 9.9B). Arsenopyrite grains are rimmed by scorodite, a later stage oxidation 
mineral of arsenopyrite. Late stage oxidation and weathering of arsenopyrite has developed barite 
(Fig. 9.10A). Cinnabar occurs alongside albite in an entrained schist fragment (Fig. 9.10B). 
 
9.7.2 Later Stage 






Figure 9.9: Backscattered electron SEM-EDS images. A) Arsenopyrite and scheelite in quartz. B) Galena 




Figure 9.10: Backscattered electron SEM-EDS images. A) Arsenopyrite altered to scorodite and barite. 
B) Arsenopyrite oxidised to scorodite, and cinnabar occurring alongside albite in an entrained schist 
fragment. Sample NOPQ-3QZ.  
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Chapter Ten: Nuggety Gully  
10.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Nuggety Gully lode in the Waipori goldfield. Mapping constrains the present day structural 
geology of the lode. Samples collected from this locality were used to understand the mineralogy, 
geochemistry and textures of the deposit. Therefore, this chapter describes and constrains the 
structural controls on the vein system, and identifies styles of mineralisation and the paragenesis 
of the lode. 
 
10.2 Structure 
The historic Nuggety Gully lode outcrops in a gully close to the north edge of Lake Mahinerangi, 
between the bridge and the cemetery (Fig. 3.3). Samples and measurements were obtained from 
one working (Fig. 10.1). The structural controls on the other ore bodies in the area, A.B.C., 
Burtenshaw, Cemetery and Sandaggers lodes, could not be determined due to lack of exposure. 
 
Workings above ground extend northeast 50 m as a series of trenches above ground. These 
workings are overgrown and appear to represent sluicing of overlying alluvial gravels. The 
targeted working consists of an adit and trench. The trench is covered in sediment and grass cover, 
and the base of the adit is submerged. The adit extends for about 10 m underground and has a fault 
cutting the host schist, orienting 144/80 NE at the top of the adit, gradually dipping shallower to 
144/65 NE <50 cm further down. The footwall schist has a foliation orientation of 042/30 SE, and 
050/34 SE in the hangingwall. At the boundary between the hangingwall schist and the fault, the 
schist is oriented 115/10 NE. The fault zone hosts a mineralised quartz vein (vein A). The quartz 
vein is 15 cm thick and located on the hangingwall side of the fault. The vein is confined to the 
fault plane and lies adjacent to a narrow zone of gouge. The fault gouge consists of a white-orange-
black clay material. It is 1 cm thick and located on the footwall side of the fault, underneath the 
quartz vein. A smaller quartz vein, <3 cm wide (vein B), lies adjacent to the east (174/80 SW). 
These are conjugate vein sets as they appear to intersect, however the intersection point has been 
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removed during mining. The steep dip of the conjugate quartz veins is consistent with a subvertical 
maximum principal stress orientation and subhorizontal extension. Localised warping adjacent to 
the fault zones suggests normal fault movement. Foliation in the hangingwall is folded upwards 
and steepens within 50 cm of the fault. Pre-existing post-metamorphic joints/fractures are 
subparallel to parallel, and perpendicular to the fault zone. 
 
 
Figure 10.1: Outcrop photo of Nuggety Gully adit displaying the fault plane hosting mineralised quartz 
(vein A), and a second adjacent quartz vein (vein B). Local warping of the schist foliation in the 













A vein of quartz (NUG-1QA), collected from the Nuggety Gully lode (vein A), consists of 
syntaxial comb structure clear-white quartz with minor fine prismatic quartz growths in open 
cavities. The quartz has been fractured and filled with sulphides, gold and prismatic comb quartz 
in the footwall side of the vein. This looks like liberated refractory gold remobilised into cracks as 
supergene gold (Fig. 10.2A). Fractures are parallel to the vein. Large prismatic quartz growths are 
observed in the hangingwall side of the vein in sample NUG-2QA (Fig. 10.2B). The vein is 
fractured with significant oxidation staining. NUG-1QB, a vein of quartz, collected adjacent to the 
Nuggety Gully lode in the hangingwall (vein B), consists of comb structure dark grey quartz with 
arsenopyrite (Fig. 10.2C). Fragments of the host schist have been entrained in the vein. 
 
10.4 Petrographic Description 
In thin section, primary syntaxial comb structure quartz dominates vein B (NUG-1QB). Quartz 
grains are anhedral, and display weak undulose extinction. Quartz grains vary in size from 0.2-7 
mm. Arsenopyrite occurs sporadically throughout the sample as fine, <0.6 mm, subhedral to 
euhedral disseminated weathered grains (Fig. 10.3).  Minor fresh arsenopyrite remains in the centre 






Figure 10.2: Polished hand specimens from the Nuggety Gully lode. A) Quartz vein A, from the footwall 
side of the vein, contains arsenopyrite and gold in thin fractures with fine comb quartz. Sample NUG-
1QA. B) Quartz vein A from the hangingwall side of the vein bearing prismatic quartz crystals. Sample 






Figure 10.3: Photomicrograph of a quartz vein (B) exhibiting quartz, chlorite, muscovite and Fe-oxide in 




SEM-EDS analysis identified quartz, arsenopyrite (FeAsS), and gold (Au ± Ag ± Hg) in quartz 
vein A (NUG-1QA). Quartz, albite, chlorite, muscovite, zircon, barite (BaSO4), silver (Ag), gold 
(Au ± Ag ± Hg), arsenopyrite (FeAsS ± Ba), and scorodite (FeAsO4·2H2O ± Ba) were identified 
in quartz vein B (NUG-1QB). Quartz, albite, muscovite, chlorite, rutile (TiO2), Fe-oxide, monazite 
and zircon were identified in the hangingwall schist (NUG-1HW). Quartz, albite, epidote, chlorite, 
muscovite, rutile, monazite and zircon were identified in the footwall schist (NUG-1FW). 
 
Sample NUG-1FG, fault gouge material, is different to fresh schist. XRD analysis indicates the 
presence of secondary minerals, kaolinite (Al2Si2O5(OH)4) and a mixed layer clay, as a result of 
weathering, and quartz, muscovite and albite. Although the original constituents may have 
resembled schist constituents, alteration and weathering has changed the structure of the 
constituent mineralogy. 
 
Table 10.1: Distribution of minerals observed at the Nuggety Gully lode. 
Nuggety Gully  Fe-oxide sco asp rut bar kao Ag Au 
Vein A X  X     X 
Vein B X X X  X  X X 
Fault gouge      X   
Hangingwall X   X     
Footwall    X     
 
10.6 Gold  
Three sub-types of gold have been identified based on morphology. These include: 1) coarsely 
crystalline gold ± intergrown with quartz (Fig 10.4, 10.5D, 10.6A), 2) coarsely crystalline gold 
with cavities (Fig. 10.4B, 10.6B), 3) coarsely crystalline gold intergrown with arsenopyrite (Fig. 
10.5A,C). Gold was retrieved through crushing of quartz vein samples. Grains obtained from 
crushing were poorly sorted and ranged from angular to round in shape at grain boundaries with 
quartz and arsenopyrite. Grain boundaries are often irregular in shape (Fig. 10.4A). Deformation 
textures; refolding, flattening and gouging, are assumed to be a result of crushing. Original grain 
boundaries of grains devoid of arsenopyrite and/or quartz have been flattened during crushing (Fig. 
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10.5A,B, 10.6). Coarse crystalline gold occurs up to 370 μm in diameter in vein A, and 100 μm in 
vein B. Surface textures consist of smooth, clean surfaces, and porous shallow and deep cavities. 
Arsenopyrite is observed as clusters in quartz cavities (Fig. 10.4B) near to free gold (10.4A). Gold 
extracted by crushing of quartz is typically nuggety (supergene) gold (Fig. 9.4A, 9.5, 9.6). SEM-
EDS analysis has identified microparticulate gold occurring as inclusions in scorodite (after 
arsenopyrite) (Fig. 10.9). 
 
Gold compositions were obtained from unpolished grains using SEM-EDS spot analysis using Au-
Ag alloy and HgTe standards, and normalized to 100 wt% (Table 10.2, 10.3). Gold is 
predominately Au-Ag-Hg alloy (>88%), with Au-Ag alloy (10%), Au-Hg alloy (<2%) and no pure 
gold in vein A (Fig. 10.7, 10.8). Mercury contents of Au-Hg alloy is 0.8 wt%. Silver content in 
Au-Hg alloys ranges between 0.7 and 5.2 wt%. Gold is entirely Au-Ag-Hg alloy (100%) in vein 
B. Gold grain composition changes cannot be distinguished based on morphology and surface 
textures as grains are relatively compositionally homogeneous and not zoned.  
 
Table 10.2: Statistics from 61 SEM-EDS spot analyses of 35 Ag-Hg bearing gold grains at the Nuggety 
Gully vein A. Compositions normalized to 100 wt%. 
Nuggety Gully vein A Wt% Au Wt% Ag Wt% Hg 
Maximum 99.65 6.95 8.61 
Minimum 86.91 0.01 0 
Average 92.53 4.39 3.08 
Standard Deviation 3.46 1.89 2.12 
 
Table 10.3: Statistics from 48 SEM-EDS spot analyses of 9 Ag-Hg bearing gold grains at the Nuggety 
Gully vein B. Compositions normalized to 100 wt%.   
Nuggety Gully vein B Wt% Au Wt% Ag Wt% Hg 
Maximum 99.3 6.75 8.34 
Minimum 85.7 0.17 0.08 
Average 90.95 4.39 4.66 




A ternary wt% Au-Ag-Hg diagram and plot of wt% Hg versus wt% Ag for gold compositions form 
two populations (Fig. 10.7, 10.8). One with high Ag-Hg and another with low Ag-Hg. The two 
populations likely represent measurements from the core and the edges/rims of gold grains or two 
separate types of gold; primary hypogene and secondary supergene. 
 
 
Figure 10.4: Backscattered electron SEM-EDS images from Nuggety Gully vein A. A) A polished section 
of coarsely crystalline gold in quartz exhibiting a homogenous interior. Minor parallel striations occur 
running from the bottom left to top right. Deep gouges are a result of cutting and polishing of gold. B) A 




Figure 10.5: Backscattered electron SEM-EDS images of gold from Nuggety Gully vein A. A) Smooth, 
clean, coarsely crystalline gold intergrown with arsenopyrite in the top right of the grain. B) Coarsely 
crystalline gold with deep porous cavities. C) Coarsely crystalline gold (bright) intergrown with Fe-oxide 





Figure 10.6: Backscattered electron SEM-EDS images of gold from Nuggety Gully vein B. A) Coarsely 
crystalline gold with parallel striations to the left edge of the grain. B) Coarsely crystalline gold. Grain 
clearly illustrates irregular boundaries flattened and deformed as a result of crushing. 
 
 
Figure 10.7: Plot of wt% Hg versus wt% Ag for gold compositions at the Nuggety Gully lode forming two 




Figure 10.8: Ternary wt% Au-Ag-Hg diagram of gold compositions at the Nuggety Gully lode forming two 
populations. One with high Ag-Hg and another with low Ag-Hg. 
 
10.7 Paragenesis 
10.7.1 Early stage 
Within the damage zone of the first stage of fracturing and faulting at the Nuggety Gully lode, 
deposition of quartz (comb structure) + arsenopyrite + gold occurred in quartz vein A (Fig. 10.4, 
10.5), and deposition of quartz (comb structure) + arsenopyrite + gold + silver in quartz vein B 
(Fig. 10.6, 10.9). Later oxidation of arsenopyrite has liberated refractory gold and some of this 
gold may have been remobilised and/or grown in situ to form supergene gold grains in the near 





Figure 10.9: Backscattered electron SEM-EDS image of arsenopyrite, silver and gold grains in quartz 
vein B. Sample NUG-1QB. 
 
10.7.2 Later Stage 





Chapter Eleven: O.P.Q.  
11.1 Introduction 
The following chapter provides an understanding of the geology of the O.P.Q. lode in the Waipori 
goldfield. Samples in the Otago University rock collection collected from this locality, and samples 
collected during this study, were used to understand the mineralogy, geochemistry and textures of 
the deposit. It is unknown whether the Otago University samples were collected in situ or from the 




A sample of silicified mineralised schist (OPQ-1T) collected from the O.P.Q. lode waste pile, 
consists of a grey-black matrix of muscovite and chlorite, white metamorphic quartzofeldspathic 
segregations, and crosscutting calcite veins and hydrothermal quartz veins. Hydrothermal quartz 
veins contain arsenopyrite and pyrite. Calcite veins contain minor arsenopyrite. The foliation of 
the schist exhibits deformation and fracturing (Fig. 11.1A).   
 
Samples of silicified chaotic breccia from the Otago University collection (OU44499, OU35768) 
consist of silicified fragments of white and grey quartz. Thin bands of dark grey phyllosilicates 
and sulphides occur parallel to the vein orientation. Disseminated grains and aggregates of 
sulphides and calcite occur throughout, with many sulphides replacing phyllosilicates within the 





Figure 11.1:  Polished hand specimen of A) a quartz vein crosscutting schist. Sample collected from the 
waste pile and thought to derive from the O.P.Q. lode. Sample OPQ-1T. B) A breccia from the Otago 




11.3 Petrographic Description 
In thin section, the quartz vein (OPQ-1T) crosscutting the host Otago schist consists of primary 
growth massive buck structure quartz (Fig. 11.2). Massive buck structure quartz occurs as anhedral 
interlocking, inclusion rich, clear quartz grains, variable in size, up to 0.7 mm. Sulphides ± gold 
are observed in the schist, and intergrown with massive buck structure quartz and rhombohedral 
calcite. Sulphides include pyrite and arsenopyrite. Calcite veins crosscut metamorphic quartz 
segregations, and occur within and bordering hydrothermal quartz veins (Fig. 11.2). Brittle 
fracturing occurs with some drag in the host schist adjacent to the crosscutting quartz vein. 
Localised warping adjacent to the fracture zone gives the sense of displacement (Fig. 11.2). 
Muscovite and chlorite (60% muscovite, 40% chlorite (Fig. 11.5A,B)) dominate phyllosilicate 
segregations, and quartz and albite dominate quartzofeldspathic segregations in the schist. The 
schist is silicified, containing predominantly quartz in the matrix. 
 
In thin section, quartz and albite dominate the matrix of the silicified chaotic breccia (OU44499, 
OU35768) (Fig. 11.3, 11.4). Quartz grains are anhedral and display weak undulose extinction. 
Quartz grains vary in size, from 0.2-7 mm for polycrystalline grains and 0.01-0.5 mm for 
monocrystalline grains. Chlorite occurs as yellow-green, patchy anhedral grains in plane polarised 
light, and anomalous blue colours in cross polarised light. Chlorite grains are dispersed through 
the quartz-plagioclase matrix or intergrown with muscovite. Muscovite occurs throughout as fine 
aggregates throughout the quartz-plagioclase matrix. Calcite occurs as veins, up to 0.2 mm, cutting 
the constituents of the breccia. Pyrite and arsenopyrite occur sporadically throughout the sample 





Figure 11.2: Photomicrograph of mineralised schist from the O.P.Q. lode waste pile exhibiting a 
hydrothermal quartz vein composed of massive buck structure quartz, calcite and arsenopyrite, and a 





Figure 11.3: Photomicrograph of a breccia from the O.P.Q. lode exhibiting quartz, plagioclase, chlorite, 
muscovite, pyrite and calcite veins cutting the breccia in A) plane polarised light, and B) cross polarised 




Figure 11.4: Photomicrograph of a breccia from the O.P.Q. lode exhibiting quartz, plagioclase, chlorite 





SEM-EDS analysis identified quartz, albite, chlorite, muscovite, rutile (TiO2), titanite, 
arsenopyrite (FeAsS), scorodite (FeAsO4·2H2O), pyrite (FeS2), galena (PbS), gold (Au ± Ag ± 
Hg), calcite (CaCO3) and zircon in the silicified mineralised schist (OPQ-1T). Quartz, albite, 
chlorite, muscovite, apatite, calcite, titanite, monazite, arsenopyrite, scorodite, pyrite, galena and 
boulangerite (Pb5Sb4S11) were identified in the silicified breccias (OU44499, OU35768). 
 
Table 11.1: Distribution of minerals observed at the O.P.Q. lode. 
O.P.Q.  sco asp pyr gal bol rut cal Au   
Mineralised schist  X X X X  X X X 
Breccia  X X X X X X  
 
11.5 Paragenesis 
11.5.1 Early Stage 
Within the damage zone of the first stage of fracturing and faulting at the O.P.Q. lode, host Otago 
Schist has been fractured, brecciated and infilled with quartz (massive buck structure) + calcite + 
arsenopyrite + pyrite + galena + boulangerite + gold. A brittle fracture with drag occurs in the host 
schist. Crenulation cleavage and micro-folds occur in the segregation layering (Fig. 11.5B). The 
concentration of Ca-epidote in the mineralised schist has decreased significantly compared to 
unaltered schist, while calcite has increased significantly. Rutile, a secondary alteration mineral, 
replaces pre-existing titanite. Hydrothermal massive buck structure quartz, arsenopyrite and calcite 
filled fracture veins crosscut the host schist foliation (Fig. 11.6A). Galena occurs as free grains in 
quartz (Fig. 11.6B) and as microparticulate inclusions, along with gold alloys (Au ± Ag ± Hg) in 
arsenopyrite (Fig. 11.7A). The breccia consists of anhedral dark grey massive buck structure quartz 
with arsenopyrite and pyrite. Pyrite contains galena and boulangerite (Fig. 11.7B). As brecciation 
has obliterated features relating to the paragenetic sequence it is proposed that brecciation occurred 
during mineralisation of the schist, or later in the paragenetic sequence. 
 
11.5.2 Later Stage 
Later stage fracturing, observed in the breccia, is inferred to have led to the deposition of 




Figure 11.5: Backscattered electron SEM-EDS images. A) Host Otago schist with muscovite, chlorite, 
albite and titanite. Muscovite grain size is consistent with TZIII (Turnbull et al. 2001). B) A brittle fracture 
with drag in the host schist adjacent to the quartz vein. Crenulation cleavage and micro-folds occur in the 




Figure 11.6: Backscattered electron SEM-EDS images. A) The border between the hydrothermal vein 
and the host schist is marked by significant concentrations of calcite. B) Arsenopyrite, galena and calcite 




Figure 11.7: Backscattered electron SEM-EDS images. A) Microparticulate galena and gold alloy 
inclusions in arsenopyrite in the mineralised schist. Sample OPQ-1T. B) Galena and boulangerite 
associated with pyrite in the silicified breccia. Sample OU35768.  
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Chapter Twelve: Waipori Station  
12.1 Introduction 
The following chapter provides an understanding of the geology and structural geology of the 
Waipori Station lode in the Waipori goldfield. Mapping constrains the present day structural 
geology of the lode. Samples collected from this locality were used to understand the mineralogy, 
geochemistry and textures of the deposit. Therefore, this chapter describes and constrains the 
structural controls on the vein system, and identifies styles of mineralisation and the paragenesis 
of the lode. 
 
12.2 Structure 
Waipori Station lode outcrops in a gully at the south edge of Lake Mahinerangi, east of the Waipori 
Station, as a historic working (Fig. 3.3). Samples and measurements were obtained from one 
working (Fig. 12.1, 12.2). The Waipori Station adit contains a fault crosscutting the host schist at 
004/72 E. The metamorphic foliation in the hangingwall schist swings from 048/48 SE to 060/48 
SE to 018/40 SE at the contact with the fault, and 100/20 SW in the footwall (Fig 12.1). The fault 
zone consists of a mineralised breccia, loose sand-size quartz fragments in clay and other fault 
gouge material. The breccia is 15 cm thick inside the adit and 7 cm thick at the external outcrop. 
The fault gouge consists of white-grey-black clay and sand sized quartz material. It is 50 cm thick 
and located on the footwall side of the fault, underneath the breccia. Localised warping adjacent 
to the fault zones suggests normal fault movement (Fig. 12.1, 12.2). Foliation in the footwall is 
folded downwards. Foliation in the hangingwall is folded upwards and steepens within 30 cm of 
the fault. Pre-existing post-metamorphic joints/fractures are subparallel to parallel, and 





Figure 12.1: Outcrop at the exterior of Waipori Station lode adit. The fault zone is host to a breccia. Local 
warping of the schist foliation in the hangingwall and footwall is indicative of normal faulting. 
 
 
Figure 12.2: Outcrop photo of Waipori Station adit displaying the fault plane hosting breccia, gouge and 
sand-sized quartz grains in clay. Local warping of the schist foliation in the hangingwall is indicative of 




A vein sample (WS-1BR), collected from outside the adit at the Waipori Station lode, consists of 
white and orange-stained silicified chaotic breccia enclosing fragments of schist close to the 
contact with the host schist (Fig. 12.3A). A sample of chaotic breccia (WS-2BR), collected from 
inside the adit at the Waipori Station lode, consists of a white-yellow-orange kaolinite and 
muscovite-rich clay matrix containing quartz and schist fragments. Fe-oxide staining occurs 
throughout (Fig. 12.3B). The sample is very brittle and has not been silicified.  
 
12.4 Petrographic Description 
In thin section, the breccia from the external outcrop (WS-1BR) consists of massive buck structure 
primary growth quartz textures (Fig. 12.4). Massive buck structure quartz occurs as anhedral, 
inclusion rich, clear quartz grains, up to 1.5 mm. Entrained clasts of host schist occur within the 
breccia. Quartz, muscovite and kaolinite dominates the matrix of the breccia from inside the adit 
(WS-2BR). Entrained host schist fragments consist of quartz and plagioclase. Metamorphic quartz 
grains are anhedral, and grains display weak undulose extinction. Massive buck structure quartz 
occurs as anhedral, inclusion rich, clear quartz grains (Fig. 12.5). Sulphides are observed in 






Figure 12.3: Polished hand specimen of A) the contact between a silicified chaotic breccia and host 
schist. The breccia is crosscutting the host Otago Schist foliation and entrains schist fragments. Sample 
WS-1BR from the external outcrop of the Waipori Station adit. B) A chaotic breccia composed of 




Figure 12.4: Photomicrograph of the Waipori Station breccia exhibiting hydrothermal quartz and 





Figure 12.5: Photomicrograph of the Waipori Station breccia exhibiting quartz, plagioclase, chlorite, 





SEM-EDS analysis identified quartz, albite, muscovite, rutile (TiO2), chlorite, zircon, monazite, 
Fe-oxide, arsenopyrite (FeAsS), scheelite (CaWO4) and ferberite (FeWO4) in the external outcrop 
breccia (WS-1BR). Quartz, albite, chlorite, muscovite, pyrite (FeS2), chalcopyrite (CuFeS2), 
cobaltite (CoAsS), boulangerite (Pb5Sb4S11), (Fe ± Sb ± As oxide (tripuhyite (FeSbO4) or scorodite 
(FeAsO4·2H2O ± Sb), ferberite, scheelite, gold (Au ± Ag), rutile, kaolinite, zircon and monazite 
were identified in the breccia from inside the adit (WS-2BR). Quartz, albite, chlorite, muscovite, 
rutile, Fe-oxide, monazite and zircon were identified in the hangingwall schist (WS-1HW). Quartz, 
albite, muscovite, chlorite, rutile, zircon, and monazite were identified in the footwall schist (WS-
1FW). 
 
Fault gouge material, WS-FG samples (Fig. 12.6), constitute the majority of the fault zone. XRD 
analysis indicates the presence of secondary minerals as a result of weathering. 
 
 
Figure 12.6: Schematic diagram of Waipori Station adit outcrop displaying the WS-FG sample locations 
across the fault zone.  
 
All WS-FG samples contain quartz. WS-2FG contains muscovite, clinochlore and secondary 
kaolinite (Al2Si2O5(OH)4). WS-4FG contains muscovite, clinochlore, phengite and secondary 
kaolinite. WS-5FG contains muscovite, albite and chlorite. WS-6FG contains albite, clinochlore 
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and muscovite. WS-7FG contains albite and vermiculite. WS-8FG contains muscovite and 
vermiculite. 
 
Table 12.1: Distribution of minerals observed at the Waipori Station lode. 
Waipori Station  Fe-ox trp sco kao rut asp pyr cpy bol cob fer sche Au 
Breccia X X? X? X X X X X X X X X X 
Hangingwall X    X         
Footwall     X         
Fault gouge    X          
 
12.6 Paragenesis 
12.6.1 Early Stage 
Within the damage zone of the first stage of fracturing and faulting at the Waipori Station lode, 
host Otago Schist has been brecciated and infilled with quartz, sulphides, gold and tungstate 
minerals. This involved the deposition of quartz (massive buck structure) + rutile + pyrite + 
arsenopyrite + scheelite + ferberite + chalcopyrite + boulangerite + cobaltite + gold. Scheelite and 
ferberite occurs as inclusions in hydrothermal rutile (Fig. 12.7A, 12.9). The darker zone in rutile 
marks elevated tungsten (W) levels (Fig. 12.9). Rutile could be an alteration product of titanite or 
of hydrothermal origin due to inclusions of tungstate minerals. Gold occurs as microparticulate 
inclusions in Fe-oxide (Fig. 12.7B). Later oxidation of sulphides such as arsenopyrite and pyrite 
has liberated refractory gold and some of this gold may have been remobilised and/or grown in 
situ to form supergene gold grains in the near surface environment. Chalcopyrite, boulangerite and 
cobaltite occur in quartz (Fig. 12.8). Scorodite is a weathering product of arsenopyrite. Sb content 
in scorodite/tripuhyite is likely from weathered boulangerite (Fig. 12.8). Kaolinite replaces 
muscovite and chlorite in the matrix. 
 
12.6.2 Later Stage 





Figure 12.7 Backscattered electron SEM-EDS images. A) Boulangerite and rutile, with inclusions of 





Figure 12.8: Backscattered electron SEM-EDS images. A) FeSbAs-oxide (Sb bearing scorodite or 






Figure 12.9: Backscattered electron SEM-EDS image of rutile, with inclusions of ferberite and scheelite, 




Chapter Thirteen: Discussion  
13.1 Introduction 
Vein systems across Waipori exhibit similar features to other vein systems across Otago such as 
Nenthorn, Oturehua, and Barewood (McKeag & Craw 1987; Mackie et al. 2009; Mortensen et al. 
2010). The following chapter discusses the structural geology, mineralogy and paragenesis of 
Waipori vein systems in relation to more well-known deposits across Otago. 
 
13.2 Structure 
13.2.1 Waipori Fault Zones 
High angle brittle faults, 45o-90o, crosscut shallowly dipping, 8o-48o, host schist foliation across 
Waipori (Table 13.1). Faults strike east-west, north-south and northwest-southeast. The O.P.Q., 
North O.P.Q. and Waipori Station faults appear to be on strike with one another. Most of the 
studied faults, however, do not appear to be on strike with one another (Fig. 3.3). O.P.Q., North 
O.P.Q. and Waipori Station may be a part of the same structural setting with differing ore bearing 
fluids or different vein systems altogether. The Nuggety Gully lode is the only vein system to 
contain steeply dipping conjugate vein sets. The orientations of a few mineralised faults are 
subparallel to parallel, and/or perpendicular to pre-existing post-metamorphic joints in the host 
schist.  
 
Brittle shear deformation and hydrothermal fluid flow has produced mineralised systems with As 
± Au ± Hg ± Sb ± W bearing veins infilling defined fault zones. Fault zones consist of quartz veins, 
breccias, and altered and veined silicified schist. Fault vein quartz has grown inwards from the 
walls and typically consists of euhedral prismatic syntaxial quartz, with minor breccias and 
cataclasites. Fault gouge at vein margins in some systems indicates multiple events. Thin 
discontinuous fractures and quartz veins (mm- to cm-scale) in the adjacent host schist strike 
parallel to fault zones. Fault drag in schist foliation adjacent to high angle fault zones indicates a 
normal sense of fault displacement across the area. Normal faulting is characteristic of middle 
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Cretaceous deposits across Otago such as Nenthorn, Oturehua, and Barewood (McKeag & Craw 
1987; MacKenzie & Craw 1993; Mackie et al. 2009).  
 
Fault gouge is located in the fault zone on the hangingwall and/or footwall side of the quartz veins. 
The fault gouge records the latest movement on the fault after the emplacement of the quartz veins. 
There is however no way of knowing the absolute age and the time gap between vein emplacement 
during initial faulting, and later faulting that produced the fault gouge. The fault gouge could be 
the result of subsequent normal fault displacement during Cretaceous extension or, in the case 
where reverse movement is indicated, with reverse fault reactivation related to more recent 
compressional tectonics (Mutch & Wilson 1952; MacKenzie & Craw 1993). Two structural stages 
have been identified. These are A) a first stage of fracturing and faulting resulting in the deposition 
of quartz (comb structure) and associated economic minerals, and B) later fault reactivation 
producing fault gouge. 
 
Table 13.1: Structural setting of Waipori vein systems. Coordinates in NZTM2000 Datum New Zealand 
Transverse Mercator Projection. 
Vein system Element(s) Strike and dip Host fault structure Coordinates 
Antimony Au-Hg-Sb-
W 
108/72 NE, high angle - E 1348223 N 4924481 
E 1347919 N 4924596 




E 1356762 N 4925234 
Devils Creek Au-W 073/70 S, high angle Normal E 1352686 N 4929552 
North O.P.Q Au-Hg-W 158/58 NE, high angle Normal E 1358191 N 4918360 
Nuggety Gully vein A Au 144/65-80 NE, high 
angle 
Normal E 1358600 N 4920612 
Nuggety Gully vein B Au-Ag 174/80 SW, high angle Normal E 1358600 N 4920612 
Waipori Station Au-Sb-W 004/72 E, high angle Normal E 1358076 N 4918935 
Waitahuna Heights Au-Hg 093/64 N, high angle Normal E 1361057 N 4911233 
 
Two regional faults occur near Waipori, these are the Lammerlaw Fault and the Waitahuna Heights 
Fault. Both of these faults strike roughly north-south. A fault associated with the Waitahuna 
Heights Faults, however highly variable in strike, strikes approximately east-west, wrapping 
around Waitahuna Hill (Fig. 3.3). North O.P.Q. and Waipori Station fault hosted quartz veins are 
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subparallel-parallel to the Lammerlaw Fault and the Waitahuna Heights Fault. Devils Creek, Cox’s 
and Waitahuna Heights fault hosted quartz veins strike east-west; perpendicular to the Lammerlaw 
Fault, Waitahuna Heights Fault, and North O.P.Q. and Waipori Station fault hosted quartz veins. 
Therefore a conjugate set of faults may occur across Waipori striking north-south and east-west 
(Fig. 3.3). 
 
13.2.2 Otago Structural Comparisons 
Although northwest striking vein systems are prominent across Otago, not all vein systems strike 
northwest (MacKenzie et al. 1998; Stephens et al. 2013, 2015). Veins at Waipori exhibit a high 
variability in strike. Mineralised vein systems near the Old Man Range area in central Otago also 
exhibit a high variability in strike (Stephens et al. 2013, 2015). Near the Old Man Range area in 
central Otago lies Buds, Whites, Grays, and Alpine mineralised reefs hosted in discontinuous 
steeply dipping normal faults in TZIV Torlesse Terrane schist, and Conroys and Butchers 
mineralised reef swarm hosted in discontinuous steeply dipping normal faults in TZIII Caples 
Terrane schist (Stephens et al. 2013). The Torlesse and Caples Terrane schists were juxtaposed in 
the Cretaceous by the Old Man Fault, and followed by post-metamorphic folding producing the 
small orogenic gold deposits (Stephens et al. 2015). The occurrence of normal fault drag in the 
host schist and high angle brittle faulting, also observed at vein systems across Waipori, suggests 
that the mineralised vein systems cutting Caples Terrane and Torlesse Terrane schists near the Old 
Man Range formed during a period of extension correlated with other middle Cretaceous fault 
systems in Otago (Mortensen et al. 2010; Stephens et al. 2013, 2015). The orientations of 
mineralised faults near the Old Man Range are controlled by pre-existing joints in the host schist. 
Joints and fault orientations vary between the Torlesse and Caples Terranes (Stephens et al. 2013, 
2015). Mineralised faults and joints in the Torlesse Terrane schists near the Old Man Range have 
a strike of east-west, whereas mineralised faults and joints in the Caples Terrane have a strike of 
northwest. These mineralised faults and joints are perpendicular to quartz rodding direction 
(Stephens et al. 2015).  
 
The Waipori veins are similar in style and structural setting to vein systems near the Old Man 
Range. Therefore, some of the proposed structural controls on the Old Man Range veins (Stephens 
et al. 2013, 2015) may apply to those at Waipori. Activation of the Lammerlaw Fault and the 
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Waitahuna Heights Fault was followed by post-metamorphic folding producing the small orogenic 
gold deposits of the Waipori goldfield. Post-metamorphic folding resulted in the Lammerlaw 
Antiform (Fig. 3.3). Waipori vein systems are hosted in discontinuous steeply dipping brittle 
normal faults in TZIII Caples Terrane schist. The orientations of a few mineralised faults may be 
controlled by pre-existing post-metamorphic joints in the host schist. These mineralised faults are 
perpendicular to quartz rodding direction. 
 
Normal faulting across Waipori is similar to other more well-known deposits across Otago such 
as Carrick Range, Barewood, Oturehua and Nenthorn (McKeag & Craw 1987; MacKenzie & Craw 
1993; Ashley & Craw 1995; Mackie et al. 2009). Gold and stibnite bearing mineralised veins 
across Carrick Range have been emplaced in Caples Terrane schist, similar to veins across 
Waipori. Although the Carrick Range vein system was emplaced in the Early Cretaceous, textures 
suggest it is more similar to middle Cretaceous vein systems (Ashley & Craw 1995; Mortensen et 
al 2010). Carrick Range consists of early stage low angle shears bearing sulphides and gold 
(Ashley & Craw 1995). Low angle shears are cut by later stage steeply dipping hydrothermal 
breccias and veins. Some later stage vein systems contain gold, however, stibnite occurs in similar 
spatially separate high angle fault zones (Ashley & Craw 1995). Gold and scheelite bearing quartz 
veins at Barewood have been emplaced in Torlesse Terrane schist. Early stage normal faulting 
involved shearing of the schist in the steeply dipping fault zones (50° northeast) bearing sulphides, 
scheelite and gold. Later stage faulting involved shears and steeply dipping conjugate fractures 
(<80° northeast and southwest) (MacKenzie & Craw 1993). Gold bearing mineralised normal 
faults near Oturehua have been emplaced in Torlesse Terrane schist. They consist of northwest 
striking, steeply dipping (>60° northeast) mineralised quartz veins bearing sulphides and gold 
(Mackie et al. 2009). Gold and stibnite bearing quartz veins at Nenthorn have been emplaced in 
Torlesse Terrane schist. They consist of northwest striking normal fault zones, exhibiting evidence 
for later fault reactivation in some faults (McKeag & Craw 1987). 
 
MacKenzie et al. (1998) provides evidence for hydrothermal activity along some northeast striking 
faults. During normal faulting of the northeast striking Manuherikia fault zone in Otago, 
hydrothermal processes involved silicification, hydrothermal alteration, and deposition of minerals 
such as stibnite, minor gold, hematite, siderite and pyrite (MacKenzie et al. 1998). This is similar 
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to mineralisation observed at Barewood, however, Barewood is a northwest striking fault zone   
(MacKenzie & Craw 1993). There is a conjugate set of mineralised northeast-northwest striking 
faults in Otago (MacKenzie et al. 1998). A conjugate set of faults, involving large regional faults 
and small discontinuous fault hosted quartz veins, also occur across Waipori, striking north-south 
and east-west (Fig. 3.3). 
 
The low angle Hyde-Macraes Shear Zone (HMSZ) was mineralised during uplift through the 
brittle-ductile transition and shows evidence for ductile and semi-ductile deformation (MacKenzie 
et al. 2016, 2017). The Hyde-Macraes Shear Zone formed during a period of compression 
(Mortensen et al. 2010). The Waipori veins lack ductile deformation textures like those reported 
for the mineralised quartz veins at Macraes. The occurrence of normal fault drag in the host schist 
and high angle brittle faulting suggests that the studied mineralised vein systems at Waipori formed 
during a period of extension correlated with other middle Cretaceous fault systems in Otago 
(McKeag & Craw 1987; MacKenzie & Craw 1993, Mackie et. al. 2009; Mortensen et al. 2010) 
rather than in the Early Cretaceous, during a period of compression when the Macraes deposits 




Table 13.2: Structural setting of Waipori and other Otago deposits. References: (1) McKeag & Craw 1989; 
(2) MacKenzie et al. 2007; (3) Begbie & Sibson 2006; (4) McKeag & Craw 1987; (5) Cox et al. 2006; (6) 
MacKenzie & Craw 1993; (7) Ashley & Craw 1995; (8) Mackie et al. 2009; (9) King 2016; (10) Mortensen 
et al. 2010; (11) Stephens et al. 2015. 
Deposit Element(s) Host fault structure Age Reference 
Macraes Au-W Low angle, reverse Early Cretaceous 1,10 
Glenorchy W-Au Mod, high angle, rotated Early Cretaceous 3,10 
Rise and Shine Au Low angle, reverse middle Cretaceous 5,10 
Bendigo Au-W High angle, normal middle Cretaceous 3,10 
Carrick Au-Sb Low-high angle, normal Early Cretaceous 7,10 
Barewood, Hindon Au-Sb-W Mod-high angle, normal middle Cretaceous 6,10 
Nenthorn Au-Sb High angle, normal middle Cretaceous 4,10 
Oturehua Au High angle, normal middle Cretaceous 8 
Conroys, Butchers Au High angle, normal middle Cretaceous 11 
Whites, Grays, Alpine, Buds Au High angle, normal middle Cretaceous 11 
Lots Wife Au-W High angle, normal middle Cretaceous 9 
Bullendale, Shotover Au High angle, normal middle Tertiary 2,10 
Waipori Au-Hg-Sb-W Mod-high angle, normal middle Cretaceous? This study 
 
13.3 Paragenesis  
13.3.1 Waipori Paragenesis 
Deposition of sediments comprising the Caples and Torlesse Composite Terranes were deposited 
as submarine fan deposits and turbidites in the Permian to Late Triassic (Norris et al. 1990; Craw 
et al. 1994; Mortimer 2004). During the Rangitata Orogeny, terranes were accreted, resulting in 
regional metamorphism of the terranes at about 200-170 Ma (Little et al. 1999; Mortimer 2000). 
Regional metamorphism, to lower greenschist facies, occurred in the Jurassic during crustal 
thickening (Coombs et al. 1976; Korsch & Wellman 1988; Mortimer 2000). This formed the 
greyschist observed across Waipori today. Exhumation followed, commencing about 130 Ma 
(Gray & Foster 2004). Around 110 Ma, middle Cretaceous extension occurred as the Zealandia 
continent broke off from Gondwana (Bradshaw 1989). Fracturing, faulting and mineralisation 
across Waipori is inferred to have occurred during middle Cretaceous extension (106–101 Ma). 
These vein systems formed during two events. Early steeply-dipping fault zones are infilled and 
mineralised by As ± Au ± Hg ± Sb ± W bearing veins in the first event. This is followed by fault 
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reactivation in some lodes, producing fault gouge adjacent to the vein, or fractures that are typically 
infilled with calcite in a second event (Table 13.3).  
 
Table 13.3: Observed paragenetic sequence of mineralisation for vein systems across Waipori. 
Vein System Event 1: Exhumation Event 2: Exhumation (?) Post-exhumation 
Antimony Faulting, fracturing, shearing: qtz (comb), Au, 
pyr, asp, sph, tetr, ger, gal, cin, stb, cal, sche 
- Fe-oxide, sco, sbc, rom, supergene 
Au? 
Bella’s Faulting and brecciation: qtz (massive buck), stb, 
asp, pyr, cpy, cin, tetr, cal 
Fracturing: cal - 
Cox’s Faulting: qtz (comb), Au, asp, sche, rut, pyr, gal, 
bol 
Fault reactivation: gouge Fe-oxide, sco, bar, kao 
Fracturing and supergene Au? 
Devils Creek Faulting: qtz (comb), Au, pyr, asp, gal, sche - Fe-oxide, sco 
North O.P.Q. Faulting: qtz (comb), Au, sche, gal, cin Fault reactivation: gouge sco, bar, kao 
Fracturing and supergene Au? 
Nuggety Gully Faulting, fracturing: Vein A; qtz (comb), Au, asp. 
Vein B; qtz (comb) Au, Ag, asp 
Fault reactivation: gouge Fe-oxide, sco, kao, bar 
Fracturing and supergene Au?  
O.P.Q. Faulting, fracturing, brecciation: qtz (massive 
buck), cal, asp, pyr, gal, bol, Au 
Fracturing: cal sco 
Waipori Station Faulting, brecciation: qtz (massive buck), rut, 
pyr, asp, sche, ferb, cpy, bol, cob, Au 
Fault reactivation: gouge Fe-oxide, kao, supergene Au? 
Waitahuna Heights Faulting, fracturing, brecciation: qtz (massive 
buck), cal, pyr, cpy, gal, cin, tetr, Au 
Fracturing: cal Fe-oxide, kao, supergene Au? 
 
 
A broad spectrum of sulphides, tungstates (ferberite and scheelite), calcite and native metals (gold 
and silver) can be found at vein systems across Waipori (Table 13.4). These are found in quartz 
veins, mineralised schist, breccias and cataclasites. Of the primary hydrothermal minerals 
observed in vein systems across Waipori, there is a sulphide component extending into the host 
rock (Table 13.5). The majority of primary hydrothermal minerals extending into the host rock 
occur at the Antimony lode, followed by the silicified schists at the Waitahuna Heights lode and 




Table 13.4: Distribution of primary hydrothermal minerals observed in vein systems across Waipori. 
Vein System pyr apy cpy stb cin sph gal tetr bol cob ger sche ferb cal Ag Au 
Antimony X X  X X X X X  X X X  X  X 
Bella’s X X X X X   X      X   
Cox’s X X     X  X   X    X 
Devils Creek X X     X     X    X 
North O.P.Q.   X   X  X     X    X 
Nuggety Gully  X             X X 
O.P.Q. X X     X  X     X  X 
Waipori Station X X X      X X  X X   X 
Waitahuna H. X  X  X  X X      X  X 
 
Table 13.5: Distribution of primary hydrothermal minerals observed extending into the host rock of vein 
systems across Waipori. 
Vein system asp pyr gal stb cin tetr ger cal sph cob sche Au 
Antimony X X X X X X X  X X  X 
Devils Creek   X        X X 
O.P.Q. X X X     X    X 
Waitahuna Heights  X X  X X  X    X? 
 
Grieve (1994) found Bella’s lode also contains scheelite and gold, and the Antimony lode contains 
chalcopyrite. Based on historic observations and observations made in this study, Bella’s lode and 
the Antimony lode may be a part of the same mineralising system and/or just formed with similar 
ore bearing fluids. A generalised ore mineral paragenesis, updated from Grieve (1994), involves 
A) first stage fracturing, faulting and brecciation, resulting in the precipitation of quartz + pyrite + 
tetrahedrite + arsenopyrite + cinnabar + stibnite + calcite ± sphalerite ± galena ± cobaltite ± 
gersdorffite ± gold ± scheelite ± chalcopyrite, and B) a second stage fracturing event precipitating 
calcite. 
 
Cox’s lode and Devils Creek lode may be a part of the same mineralising system and/or just formed 
with similar ore bearing fluids. A generalised ore mineral paragenesis involves A) first stage 
fracturing and faulting resulting in the deposition of quartz (comb structure) + arsenopyrite + 
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scheelite + galena + gold ± boulangerite ± rutile ± pyrite, and B) fault reactivation producing fault 
gouge. Liberated refractory gold may have formed supergene gold grains in the near surface 
environment. 
 
Nuggety Gully is the only vein system to contain silver, yet it lacks a number of minerals other 
vein systems across Waipori contain. A generalised ore mineral paragenesis involves A) first stage 
fracturing and faulting, depositing quartz (comb structure) + arsenopyrite + silver + gold, and B) 
fault reactivation producing fault gouge. Liberated refractory gold may have formed supergene 
gold grains in the near surface environment. 
 
O.P.Q., North O.P.Q. and Waipori Station appear to be on strike with one another. All three contain 
arsenopyrite and gold. Waipori Station and North O.P.Q. both contain scheelite, however, Waipori 
Station also contains ferberite. Waipori Station and O.P.Q. both contain pyrite and boulangerite. 
North O.P.Q. and O.P.Q. both contain galena. Waipori Station contains chalcopyrite and cobaltite. 
North O.P.Q. contains cinnabar. O.P.Q. contains calcite. They may be a part of the same structural 
setting with differing ore bearing fluids or different vein systems altogether. A generalised ore 
mineral paragenesis for the O.P.Q. vein system involves A) first stage fracturing, faulting and 
brecciation resulting in the deposition of quartz (massive buck structure) + calcite + arsenopyrite 
+ pyrite + galena + boulangerite + gold, and B) the deposition of crosscutting calcite veins. A 
generalised ore mineral paragenesis for the North O.P.Q. vein system involves A) first stage 
fracturing and faulting resulting in the deposition of quartz (comb structure) + arsenopyrite + 
galena + scheelite + cinnabar + gold, and B) fault reactivation producing fault gouge. Liberated 
refractory gold may have formed supergene gold grains in the near surface environment. A 
generalised ore mineral paragenesis for the Waipori Station vein system involves A) first stage 
faulting and brecciation resulting in the deposition of quartz (massive buck structure) + rutile + 
pyrite + arsenopyrite + scheelite + ferberite + chalcopyrite + boulangerite + cobaltite + gold, and 
B) fault reactivation producing fault gouge. 
 
Waitahuna Heights is different to all other vein systems in the Waipori goldfield. Sulphides, such 
as pyrite, chalcopyrite, cinnabar, galena and tetrahedrite have deposited along with large 
concentrations of calcite. Cinnabar occurs in significant visible concentrations. Arsenopyrite was 
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identified at all vein systems except Waitahuna Heights. It is unknown whether all gold derived 
from quartz at Waitahuna Heights. The breccia at Bella’s lode most closely resembles the breccias 
at Waitahuna Heights. They both contain quartz, pyrite, chalcopyrite, cinnabar, tetrahedrite and 
calcite. However, the breccia from Bella’s lode lacks galena and gold, and the breccia from 
Waitahuna Heights lacks stibnite and arsenopyrite. The breccia matrix at Bella’s lode is composed 
of quartz and calcite, whereas the matrix of the breccia at Waitahuna Heights is composed almost 
entirely of a calcite cement. It is assumed the Waitahuna Heights lode is a part of a different 
mineralising system to other lodes across Waipori with different ore bearing fluids. A generalised 
ore mineral paragenesis involves A) first stage fracturing, faulting and brecciation resulting in the 
deposition of quartz (massive buck structure) + calcite + pyrite + chalcopyrite + galena + cinnabar 
+ tetrahedrite + gold, and B) the deposition of crosscutting calcite veins. 
 
13.3.2 Waipori Secondary Minerals  
Alteration and weathering has produced secondary minerals. Rutile, a secondary mineral, replaces 
titanite in the host schist adjacent to the vein systems. Rutile also occurs as a primary hydrothermal 
mineral with tungstate minerals, scheelite and ferberite, occurring as inclusions in quartz veins at 
Cox’s lode, and breccias at the Waipori Station lode. Weathering of the host rock, within a 
localised fault gouge zone, contains secondary kaolinite in some systems. Kaolinite is also a 
secondary alteration product due to weathering of chlorite and muscovite in the schist at Waitahuna 
Heights, and breccia matrix at Waipori Station. Calcite has replaced epidote and albite in the 
breccia at Bella’s lode, and the schist at Waitahuna Heights. Fe-oxide is inferred as an oxidation 
product of pyrite or arsenopyrite. Arsenopyrite grains are rimmed by scorodite, an oxidation 
product of arsenopyrite. Oxidation of arsenopyrite has developed barite and/or scorodite with a 
component of Ba. The Sb component in scorodite (FeAsO4·2H2O ± Sb) or tripuhyite (FeSbO4) at 
the Waipori Station lode is likely from weathered boulangerite (Pb5Sb4S11), and stibnite at the 
Antimony lode. Stibiconite (Sb3O6(OH)) and romeite (NaCa0.5Fe0.5Sb2O6(OH)) are oxidation 







Table 13.6: Waipori alteration minerals/secondary minerals. 
Vein System rut kao cal bar trp sbc sco rom Fe-ox 
Antimony X    X? X X X  
Bella’s X  X       
Cox’s X X  X   X  X 
Devils Creek X      X  X 
North O.P.Q.   X  X   X   
Nuggety Gully X X       X 
O.P.Q. X      X   
Waipori Station X X   X?  X?   
Waitahuna Heights X X X      X 
 
13.3.3 Otago Hydrothermal Vein Minerals 
A broad spectrum of hydrothermal sulphide, tungstate (scheelite and ferberite), carbonate minerals 
and native metals can be found at vein systems across Otago. Gold, pyrite and arsenopyrite were 
identified in every goldfield. Stibnite and scheelite occur at many goldfields, however, Waipori is 
the only goldfield to contain cinnabar and ferberite. Waipori vein systems appear to contain vein 
minerals most similar to vein systems at Macraes, Barewood, Nenthorn, Lots Wife and Carrick 
Range (Table 13.7). 
 
Table 13.7: Mineral occurrences across Otago. RSSZ = Rise and Shine Shear Zone. References: (1) 
Mackie et al. 2009; (2) King 2016; (3) McKeag & Craw 1989; (4) MacKenzie & Craw 2007; (5) MacKenzie 
et al. 2007; (6) MacKenzie & Craw 1993; (7) Ashley & Craw 1995; (8) MacKenzie et al. 2017a; (9) Paterson 
1982; (10) McKeag & Craw 1987; (11) Begbie & Sibson 2006. 
Deposit pyr asp cpy stb cin tetr bol fer sph gal cal ank sid sche Ag Au Ref. 
Macraes X X X X   X  X X X  X X  X 3,8 
Glenorchy X X         X   X  X 9,11 
RSSZ X X X      X  X X X   X 4 
Carrick X X X X  X   X X X X X X  X 7 
Barewood X X X X     X X    X  X 6 
Nenthorn X X  X            X 10 
Oturehua X X X      X   X    X 1 
Lots Wife X X        X    X  X 2 
Bullendale X X X X        X    X 5 





13.4 Source of Elements and Minerals 
13.4.1 Introduction 
Orogenic gold deposits within the Otago Schist are enriched in trace elements such as Au, As, Ag, 
Hg, Mo, Sb and W (Pitcairn et al. 2006; Large et al. 2012; Cave et al. 2017). However, Pitcairn et 
al. (2006) showed fluid and metal contents varied within different facies of Otago Schist. 
Increasing metamorphic grade in the host schist (sub-greenschist to greenschist to amphibolite 
facies) correlates with a depletion in trace elements such as Au, Ag, As, Sb, Hg, Pb and Mo (Fig. 
13.1) (Pitcairn et al. 2006; Pitcairn 2011). The most widely recognised suggested source of 
elements (Au, As, Ag, Hg, Mo, Sb and W) and fluids comes from the underlying metasedimentary 
pile of the Otago Schist (Pitcairn et al. 2006, 2010, 2015; Large et al. 2012; Cave et al. 2017). de 
Ronde et al. (2000) suggested gold mineralisation was the result of meteoric water mixing with 
magmatic water, and transporting and precipitating metals within the Otago Schist. This theory 
would infer a pluton exists beneath the Otago Schist. However, the fluid inclusion δDH2O values 
consistent with magmatic water values are also consistent with an evolved metamorphic fluid and 
there is no evidence for an undetected magmatic body at depth (de Ronde et al. 2000). 
 
13.4.2 Element Mobility during Metamorphism 
Pitcairn et al. (2006) found that in greenschist facies rocks, only pyrite contains gold (up to 110 
ppm). Pyrite also contains abundant As (up to 3120 ppm), abundant Sb (up to 7000 ppm), and Se 
(380 ppm) (Pitcairn et al. 2006). Sphalerite contains abundant Ag (up to 2330 ppm), abundant As 
(up to 3580 ppm), abundant Hg (up to 780 ppm), and abundant Se (up to 1200 ppm) (Pitcairn et 
al. 2006). Galena contains abundant Hg (up to 550 ppm), and Se (up to 120 ppm) (Pitcairn et al. 
2006). Cobaltite contains abundant As (42.3 ± 1.2 wt %), abundant Sb (up to 460 ppm), and Se 
(up to 180 ppm) (Pitcairn et al. 2006). Pyrrhotite contains Hg (up to 360 ppm), Mo (390 ppm), and 
Sb (120 ppm). Chalcopyrite contains Ag (470 ppm), Hg (490 ppm), and Sb (130 ppm) (Pitcairn et 
al. 2006). Lower greenschist rocks exhibit depleted Hg, Cd, Au, and Sb. Pyrite, sphalerite, galena 
and cobaltite were not observed in any garnet zone greenschist facies rocks and amphibolite facies 
rocks (Pitcairn et al. 2006; 2010). Amphibolite facies rocks only contain pyrrhotite, chalcopyrite 
and trace molybdenite. Elements Ag, As, Au, Hg, Mo, Sb, and W were undetectable, with only 
minor Se detected (240 ppm) (Pitcairn et al. 2006; 2010). In Torlesse Terrane rocks, hydrothermal 
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fluids mobilising ore-bearing elements are estimated to contain Au (0.08 mg/kg), As (711 mg/kg), 
Hg (3 mg/kg) and Sb (40 mg/kg) (Pitcairn et al. 2014). Large et al. (2012) also suggests diagenetic 
and porphyroblastic pyrite is a substantial source for metals in orogenic gold deposits. Framboidal 
diagenetic pyrite in the Torlesse Terrane on the northeast margin of the Otago Schist contains Fe, 
As, Pb, Zn, Te, Ag, Mo and Au (0.5 to 2 ppm), and porphyroblastic pyrite with native micron scale 
gold and solid solution gold (up to 30 ppm), As, W, Ni, Co and Bi (Large et al. 2012). 
 
Tungsten (W) is reported in low concentrations in diagenetic pyrite (Large et al. 2012). Rutile in 
low grade Torlesse Terrane schist contains high concentrations of tungsten (830 ppm; Cave et al. 
2015, 2017). Metamorphic titanite is comparatively depleted in tungsten (76.7 ppm). Therefore, 
rutile is the more appropriate source of tungsten in the Otago Schist compared to diagenetic pyrite 
(Cave et al. 2017). It is assumed tungsten has been liberated from rutile during regional sub-
greenschist to chlorite greenschist facies metamorphism (Cave et al. 2015, 2017). Cave et al. 
(2015) developed a viable reaction for the mineral transition from rutile to titanite during regional 
metamorphism, liberating tungsten (0.41 g/t of rock; Cave et al. 2017). 
 
TiO2 (rutile) + SiO2 + CaCO3 + CH4 ↔ CaSiTiO5 (titanite) + 2Cgraphite + 2H2O 
 
During the transition of the host rock from sub-greenschist to greenschist to amphibolite facies 
(increasing pressure and temperature), mobilisation of fluid and metals in metamorphic belts 
occurred as large scale leaching as a result of prograde metamorphic dehydration reactions 
(Goldfarb et al. 2005; Pitcairn et al. 2006, 2010; Mortensen et al. 2010). Fluids were released 
during dehydration reactions, mobilising and depleting ore-forming elements in higher grade rocks 
during pervasive grain-boundary fluid flow (Goldfarb et al. 2005; Pitcairn et al. 2006; Cave et al. 
2017). Prograde metamorphism caused major trace element containing host minerals, such as 
pyrite, galena, sphalerite, cobaltite and rutile, to become depleted in the host schist (Pitcairn et al. 
2006, 2010; Cave et al. 2017). Ore-forming elements, such as Au, Ag, As, Sb, Hg, Mo, W and Se, 
are liberated and mobilised in co-forming hydrothermal fluids (Fig. 13.1) (Pitcairn et al. 2006, 
2010; Cave et al. 2017). Gold, silver and mercury are highly reliant on the availability of sulphur 
for transport. Reactions resulting in the desulfidation of pyrite to pyrrhotite during prograde 
metamorphism (Carpenter 1974; Large et al. 2012) cause the release of a high concentration of 
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sulphur. Percolating hydrothermal fluids becoming enriched in this abundance of sulphur are then 
able to transport these ore-forming elements (Pitcairn et al. 2006).  
 
Fluids generated are trapped within impermeable rocks until hydraulic fracturing is initiated as a 
result of thermal expansion, allowing the ~1 wt% H2O removed during dehydration reactions at 
the greenschist-amphibolite transition to move through permeable fractures in the host schist 
(Norris & Henley 1976; McKeag et al. 1989; Craw & Norris 1991; Cartwright & Oliver 2000; 
Pitcairn et al. 2006). Convecting meteoric fluid may also use fractures and pre-existing fractures 
as fluid conduits. Fluids transporting dissolved components migrate through fractures and open 
fractures in the schist prior to vein deposition (Norris & Henley 1976). Fracture sites hosting fluid 
accumulation may form veins respective to the size of the fractures (Craw & Norris 1991). Ore-
forming elements enriched in fluids are deposited in metamorphic structures, such as faults and 
fractures, producing orogenic gold deposits (Fig. 13.1) (Pitcairn et al. 2006; Mortensen et al. 2010; 
Pitcairn, 2010 2011; Large et al. 2012; Cave et al. 2017). Late stage mineralised veins may also 
form as a result of thermal expansion and hydraulic fracturing during tectonic events such as rapid 
uplift of the Otago schist (Norris & Henley 1976).  
 
The Waipori goldfield is located in low grade Caples Terrane schist. Element mobility is similar 
in low grade Torlesse and Caples Terranes (Pitcairn et al. 2006). High grade Caples Terrane schist 
does not outcrop at the surface, therefore, comparisons between high grade Caples and Torlesse 





Figure 13.1: Vertical zonation of the depletion of ore-forming elements from the Otago and Alpine 
Schists. Enriched elements in orogenic gold deposits across Otago are noted with respect to fluid 
temperatures depositing elements. Waipori is estimated to have formed from fluids <300°C. Adapted from 
Pitcairn et al. (2006). 
 
13.4.3 Source of Metals across Waipori 
The most abundant ore-forming elements across Waipori are As, Au, Ag, Hg, Sb and W. These 
elements are deposited in the form of arsenopyrite, gold-silver-mercury alloys, silver, cinnabar, 
stibnite and scheelite. Although high grade amphibolite facies rocks are not exposed at the surface 
in the Caples Terrane, it is assumed elements liberated and mobilised in fluids deriving from 
metamorphic reactions at depth during the pyrite to pyrrhotite transition are the likely source of 
ore-forming elements, such as As, Au, Ag, Hg and Sb, in vein systems across Waipori (Pitcairn et 
al. 2006; Large et al. 2012). Elements depleted at intermediate to high metamorphic grades in the 
Torlesse Terrane are similar to elements enriched in vein systems across Waipori. Depletions of 
ore-forming elements in upper greenschist and amphibolite facies Torlesse Terrane rocks therefore 
suggest ore-forming elements in unexposed upper greenschist and amphibolite facies in the Caples 
Terrane, or in the unexposed upper greenschist and amphibolite facies Torlesse Terrane below the 
Caples Terrane, may be the source of ore-forming elements in veins across Waipori. Ore-bearing 
elements and sulphur liberated during the pyrite to pyrrhotite transition, and decomposition of 
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sphalerite, galena and cobaltite, may have contributed to the deposition of arsenopyrite, gold 
alloys, silver, cinnabar and stibnite in vein systems across Waipori (Pitcairn et al 2006; Large et 
al. 2012). Cave et al. (2017) suggests tungsten is liberated from rutile during regional sub-
greenschist to chlorite greenschist facies metamorphism in the Torlesse Terrane. This could also 
apply to rocks in the Caples Terrane, therefore acting as a significant contributing factor to 
scheelite and minor ferberite development in veins across Waipori.  
 
 
Figure 13.2: Schematic summary of prograde metamorphic mobilisation of metals concentrated in brittle 
vein systems across Waipori. As, Au, Ag, Hg and Sb liberated from diagenetic pyrite, cobaltite, sphalerite 
and galena during sub-greenschist to amphibolite facies metamorphism (Pitcairn et al. 2006, 2010; Large 
et al. 2012). Tungsten liberated from rutile during sub-greenschist to greenschist facies metamorphism 
(Cave et al. 2015, 2017). 
 
13.5 Gold 
13.5.1 Morphology  
Gold grain colour was yellow for all samples. On average, samples from Cox’s lode are typically 
a brighter yellow colour, with the naked eye and under a microscope, due to lower Ag content of 
the gold. All samples are coarsely crystalline, with finer overgrowths unable to be determined due 
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to crushing extraction of gold from quartz veins and schist. Gold grains intergrown with quartz are 
found at all vein systems, and all vein systems except Waitahuna Heights contained gold grains 
intergrown arsenopyrite. Cavities within gold grains are found at all vein systems, however very 
minor in gold from Waitahuna Heights. Gold grains from the North O.P.Q. vein system are the 
only grains to exhibit significant striations (Table 13.8). Gold extracted by crushing of quartz is 
typically nuggety (supergene) gold. SEM-EDS analysis has identified microparticulate gold 
occurring as inclusions in arsenopyrite and pyrite. 
 
Table 13.8: Summary of characteristic features of gold grains at Cox’s, Nuggety Gully, North O.P.Q. and 
Waitahuna Heights lodes. 
Waipori gold Colour Coarse crystalline ± qtz Striations Cavities Intergrown with asp 
Cox’s  Bright yellow X  X X 
Nugget Gully vein A Yellow X  X X 
Nuggety Gully vein B Yellow X  X X 
North O.P.Q. Yellow X X X X 
Waitahuna Heights Yellow X    
 
13.5.2 Composition  
Au-Ag-Hg alloy dominates significantly over Au-Ag alloy, Au-Hg alloy and pure Au in gold 
samples from North O.P.Q., Nuggety Gully and Waitahuna heights. Although Au-Ag-Hg alloy 
still dominates at Cox’s lode, there is higher Au-Ag alloy, Au-Hg alloy and pure Au in gold 
samples. Gold grains analysed from the vein system at North O.P.Q. lode contained the highest 
mercury content. These Au-Ag-Hg alloys are composed of 0.65-11.9 wt% Hg. Gold grains 
analysed from the vein system at the Waitahuna Heights lode contained the lowest mercury 
content. These Au-Ag-Hg alloys are composed of 0.65-8.06 wt% Hg (Fig. 13.3, 13.4). On average, 
however, North O.P.Q., Nuggety Gully and Waitahuna Heights Au-Ag-Hg alloys contained 
similar high mercury contents, while Cox’s Au-Ag-Hg alloys contained significantly lower 




Table 13.9: Summary of sampled gold grains at Cox’s, Nuggety Gully, North O.P.Q. and Waitahuna Heights 
lodes. Av. = average, Wt% = weight percent. 

















Cox’s  Quartz 
veins 
64 63% 20% 13% 4% 96.47 1.94 1.6 
Nuggety 
Gully vein A 
Quartz 
vein 
35 >88% 10% <2% - 92.53 4.39 3.08 
Nuggety 
Gully vein B 
Quartz 
vein 
9 100% - - - 90.95 4.39 4.66 
North O.P.Q  Quartz 
vein 







7 >95% - <5% - 92.25 3.51 4.24 
 
 
Figure 13.3: Plot of wt% Hg versus wt% Ag of gold compositions across Waipori. Roughly two 





Figure 13.4: Ternary wt% Au-Ag-Hg diagram of gold compositions across Waipori. Roughly two 
populations occur, one with high Ag-Hg and another with low Ag-Hg. 
 
13.5.3 Otago Gold Compositions  
MacKenzie and Craw (2005a) found four out of five different mineralised vein systems with gold 
containing >1 wt% Hg in the Otago Schist occur in east Otago (Waipori: O.P.Q. vein, Canada 
Reef, Ocean View and Hyde-Macraes Shear Zone: Ounce, Nunns and Frasers), with the fifth in 
central Otago (Old Man Range: Buds Reef). Another eight vein systems across Otago contained 
gold with <1 wt% Hg. Gold obtained from the O.P.Q. vein system in the Waipori goldfield 
contains the highest Hg content (8.4 wt%) (MacKenzie & Craw 2005a). This value correlates with 
values obtained from other vein systems in the Waipori goldfield in this study. The North O.P.Q. 
vein system contains the highest Hg content in gold, with up to 11.9 wt%. This is followed by 




Table 13.10: Summary description of Hg content in gold of sampled lodes at Waipori compared to values 
obtained by MacKenzie and Craw (2005a) at other vein systems across Otago. HMSZ = Hyde-Macraes 
Shear Zone. 
Sample area Sample material Wt% Au Wt% Ag Wt% Hg 
Waipori: Cox’s lode Quartz veins 87.26-100  0-5.15   0-9.15 
Waipori: Nuggety Gully vein A Quartz vein 86.91-99.65  0.01-6.95   0-8.61 
Waipori: Nuggety Gully vein B Quartz vein 85.7-99.3  0.17-6.75   0.08-8.34 
Waipori: North O.P.Q. lode Quartz vein 83.56-98.86  0-7.08   0.65-11.9 
Waitahuna Heights lode Quartz veins, sheared schist 87.81-99.04  0-9.57   0.65-8.06 


















HMSZ: Ounce Mine Quartz vein with asp 92.9-96.6 3.2–3.8 0.9–4.0 
HMSZ: Nunns Quartz vein with asp 92.9-93.9 3.1–3.6 3.0–3.4 
HMSZ: Frasers Sheared schist 93.9-95.1 3.4–3.6 1.2–2.7 







The high mercury content of gold in the Caples Terrane (Waipori, Canada Reef and Ocean View; 
Table 13.10) is likely a result of the protolith sediment. Caples Terrane sediments are 
volcanogenic, originating from an intermediate volcanic source and deposited in an offshore island 
arc, accretionary wedge type environment (Coombs et al. 1976; Adams et al. 2007; Mortimer et 
al. 2014).  
 
Ternary Au-Ag-Hg diagrams and plots of wt% Hg versus wt% Ag for gold compositions form two 
populations at Cox’s, North O.P.Q., Nuggety Gully, and Waitahuna Heights lodes (Fig. 13.3, 
13.4). One population contains high Ag-Hg and another with low Ag-Hg. Two theories are 
proposed for the occurrence of these two populations. These are: A) the two populations likely 
represent measurements from the core and the edges/rims of gold grains or B) two separate types 
of gold; primary hypogene and secondary supergene. Craw et al. (2015) found the Ag content of 
secondary supergene gold in deposits across Otago was similar to primary hypogene gold, ranging 
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from 2 to 8 wt%. Thus, perhaps a depletion of mercury rather than silver in gold is indicative of 
either supergene or hypogene. MacKenzie and Craw (2005a) found the core and edge of gold 
grains containing mercury was vastly different (Table 13.10). The core contained elevated mercury 
contents while the rim was depleted. This correlates with the two populations observed in gold 
compositions across Waipori (Fig. 13.3, 13.4). The high Ag-Hg population may therefore represent 
gold from the core of the grain, with low Ag-Hg population representing gold from the edge/rim 
of the grain. As the majority of gold grains in vein systems across Waipori are nuggety (supergene) 
gold, it is inferred compositions of the core and the edge/rim of gold grains are the likely cause of 
these two populations. However, due to deformation of gold grains during crushing of quartz vein 
material, this cannot be confirmed based on the position the analyses were taken on the gold grains. 
 
13.5.4 Supergene Gold  
Otago Schist directly below the Cenozoic erosion surface, occurring across Otago, is extensively 
altered by groundwater (Craw 1994; Landis et al. 2008). The schist becomes less pervasively 
oxidised with depth, where shallower zones may contain altered clays such as kaolinite, and deeper 
zones are unaltered (Craw 1994; Craw et al. 2015). This more recent (Cenozoic-present) oxidation 
and alteration effects older Cretaceous age gold deposits across Otago, including those across 
Waipori (Mortensen et al. 2010; Craw et al. 2015). In the alteration zone minerals are pervasively 
leached, and in the oxidation zone sulphides such as arsenopyrite and pyrite are oxidised. During 
alteration and oxidation processes, gold is liberated; becoming enriched, and developing into small 
nuggety grains (Craw et al. 2015).  
 
Waipori vein systems were a perfect target for historical miners. The oxidised alteration zone 
(supergene), and the immediately underlying zone with relict sulphide minerals, typically contains 
the highest grades of easily extractable gold (10-100 ppm (grams/tonne); Craw et al. 2015). 
Mineralised rocks below this zone contain significantly less easily extractable gold (hypogene) at 
lower grades (<10 ppm, but closer to 1 ppm (grams/tonne); Craw et al. 2015). Although 
microparticulate inclusions of gold in arsenopyrite and pyrite occur in Waipori vein systems, the 
majority of gold was found to be nuggety gold. Gold occurrence as nuggets and microparticulate 
inclusions liberated from oxidised sulphides in vein systems across Waipori is indicative of 
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supergene processes. Processes and products related to the unconformity-related alteration zone 
and supergene mobility of gold are summarised in Fig. 13.5. 
 
 
Figure 13.5: Schematic diagrams representing A) a deposit that has undergone alteration and supergene 
gold enrichment beneath a Cenozoic unconformity, and B) an Eh-pH diagram showing changes occurring 
in the supergene zone. Adapted from Webster (1986) and Craw et al. (2015). 
 
13.5.5 Southern Placer Gold  
The giant placer goldfields of southern New Zealand have yielded vast quantities of gold (<8 
million ounces; Williams 1974; Craw 2010, 2013). Four incised paleovalleys contain gold-bearing 
Blue Spur Conglomerate southwest of the Waipori goldfield (Fig. 13.6) (Els et al. 2003). The Blue 
Spur Conglomerate is estimated to have produced 0.5 to 1.5 million ounces of gold (Els et al. 
2003). Near Waitahuna, >0.1 million ounces of gold was mined from the conglomerate (Barnett 
2016). Clast imbrication indicates a paleoflow direction towards the southwest at Gabriels Gully 
and at the less well exposed Wetherstons, Forsyth, and Waitahuna Gully. This suggests all four 
gullys were initially fed by a single river system (Els et al. 2003). 
 
As compositions of alluvial gold in quartz pebble conglomerates typically resemble their primary 
alloy composition, placers in the Caples Terrane typically contain Au–Ag–Hg alloys, whereas 
Torlesse Terrane placers typically contain Au–Ag alloys (Youngson et al. 2002; Els et al. 2003). 
Detrital gold particles in the Blue Spur Conglomerate have Ag-depleted rims (Kerr et al. 2017). 
During fluvial transport, deformation-induced recrystallisation led to Ag leaching and fine-grained 
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low-Ag gold (Groen et al. 1990; Knight et al. 1999a,b; Kerr et al. 2017). Although cores of the 
original detrital gold have been observed, recrystallised overgrowth gold and original detrital gold 
are typically indistinguishable (Kerr et al. 2017). 
 
 
Figure 13.6: Geological map of the Waipori-Waitahuna area, showing the historic workings around Lake 
Mahinerangi, and the location of the Blue Spur Conglomerate. Attributions from Bishop and Turnbull 




Mercury was found in high concentrations in gold from Waipori vein systems during this study 
(Table 13.10). Kerr et al. (2017) did not identify the presence of mercury in gold from the Blue 
Spur Conglomerate. Transport directions and the close proximity of the Blue Spur Conglomerate 
suggest the gold derived from hydrothermal quartz veins of the Waipori goldfield (Fig. 13.6) (Els 
et al. 2003). However, the lack of mercury in the alluvial gold (Kerr et al. 2017) suggests gold in 
the Blue Spur Conglomerate did not derived from the nearby hydrothermal quartz veins of the 
Waipori goldfield. As overgrowth gold and original detrital gold are typically indistinguishable, 
and fluvial transport led to deformation-induced recrystallisation and Ag leaching (Groen et al. 
1990; Knight et al. 1999a,b; Kerr et al. 2017), Hg may have also been completely leached from 
the gold during this process. Therefore, the gold in the Blue Spur Conglomerate may be from the 
Waipori goldfield, an undiscovered basement hydrothermal source on the southern flank of the 
schist belt, or from hydrothermal quartz veins of the Torlesse Terrane. 
 
13.6 Emplacement Depths, Temperatures and Timing 
13.6.1 Introduction 
Vein systems across Otago span a wide range of emplacement depths and temperatures (Craw & 
Norris 1991; Mortensen et al. 2010). The gold bearing vein systems at Waipori were mineralised, 
along with a large number of other vein systems across Otago, during one of two discrete pulses 
of mineralisation during the uplift of the Otago Schist belt (Mortensen et al. 2010). To provide the 
best estimates for emplacement depths and temperatures, observations of the Waipori vein systems 
structure, vein textures, and mineralogy were used to correlated them with other similar well 
known deposits in Otago. 
  
13.6.2 Gold 
Vein systems across Otago have formed at various temperatures and pressures with differing 
salinities and CO2 content. There are three types of fluid inclusions in quartz veins that can be 
harnessed to produced average temperature, salinity and CO2 values: A) single phase, liquid filled 
inclusions, B) two-phase liquid + vapour inclusions, and C) three-phase CO2 + liquid + vapour 




Table 13.11: Temperature, pressure and fluid composition data for vein systems across Otago. RSSZ = 
Rise and Shine Shear Zone, Temp = temperature, Mid = middle, Cret. = Cretaceous, Tert. = Tertiary. 
Adapted from Craw (1992). Additional references: (1) MacKenzie & Craw 1993; (2) Paterson 1982; (3) 
Paterson 1986; (4) Craw & McKeag 1987; (5) Craw & McKeag 1989; (6) Ashley & Craw 1995; (7) Mortensen 
et al. 2010; (8) de Ronde et al. 2000; (9) Craw 1989; (10) Cox et al. 2006. 
Locality Age Temp (oC) Depth (km) Salinity (wt% NaCl) CO2 (mol.%) Ref. 
Macraes Early Cret. 300-350 10-12 <2 <1 5,7,8 
Glenorchy Early Cret. 200-300 5-10 <2 <1 2,3,7 
RSSZ Mid Cret. 200-400 10 - - 7,10 
Barewood Mid Cret. 300 5-10 1-2 <1 1,5,7 
Bendigo Mid Cret. <290 5-10 1.9 4 3,7 
Carrick Mid Cret. 140-400 5-10 <5 - 6,7 
Bonanza Mid Cret. 200 <5 <3 4-6 5,7 
Nenthorn Mid Cret. 190 <2 <4 2-3 4,5,7 
Shotover Mid Tert. 160-200 2-3 <1 3-4 7,9 
 
Near the brittle-ductile transition, veins, such as those at Macraes and Glenorchy, formed from 
water containing <1 mol.% CO2 and <2 wt% NaCl. Veins at shallower levels, such as those at 
Bendigo, Bonanza, Carrick Range, and Nenthorn, formed from water containing 2-6 mol.% CO2 
and <5 wt% NaCl (Table 13.11) (Craw 1992). Therefore, gold across Otago deposited from low 
salinity (<5 wt% NaCl), CO2-rich (<6 mol.%), near neutral fluids via sulphidation, sudden drops 
in pressure, and reduction-oxidation reactions (Craw 1992; Bierlein et al. 2004). Gold is 
concentrated in high temperature fluids as they migrate to the surface. This is subsequently 
followed by cooling of fluids and precipitation of elements at shallower depths (Seward 1973). 
Gold is transported in a fluid solution attached to ligands. Reactions to accommodate gold 
transportation and deposition, provided by Williams-Jones et al. (2009), are:  
 
A) Au(s) + HS
- + H+ + 0.25O2 = Au(HS)°(aq) + 0.5H2O (up to 350
oC) 
B) Au(s) + 2HS
- + H+ + 0.25O2 = Au(HS)2
- + 0.5H2O (up to 250
oC) 
C) Au(S) + 2Cl
- + H+ + 0.25O2 = AuCl2
- + 0.5H2O (>350
oC) 
 
Deposition of gold will be increased by a decrease in HS- and fO2 activity, and an increase in pH 
(Fig. 13.7). HS- concentration can be reduced by sulphidation of iron-bearing minerals. This is 
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why arsenopyrite and pyrite are observed associated with gold. At temperatures up to 350°C, HS- 
is the most important ligand. At lower pH, gold in solution occurs as AuHS°, reaction A) stable 
up to 350oC, and as Au(HS)2
-, reaction B) stable up to 250oC, at higher pH (Stefánsson & Seward 
2004; Williams-Jones et al. 2009). Cooling is a mechanism of gold deposition, however, it is poor 
at large-scale gold deposition associated with a bisulphide complex, as in the reactions A) and B). 
Cooling is effective in gold deposition in a chloride complex. Cl- is an important ligand in chloride-




Figure 13.7: Schematic diagram representing gold solubility (in parts per billion, ppb) at 0.5 kbar and 
250oC as a function of log fO2 and pH in a solution containing 1 m NaCl with ΣS = 0.01 m. Regions of 
high solubility are >10 ppb. Regions with highest H2S, HS-, SO42- and HSO4- are separated by dashed 
lines. Adapted from Williams-Jones et al. (2009). 
 
Assuming gold mineralisation across Waipori is similar to other vein systems across Otago, such 
as Barewood, Bendigo, Bonanza and Nenthorn, it is assumed reactions A) or B) are the viable 
reactions resulting in gold deposition across the Waipori goldfield. Gold-bearing hydrothermal 
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quartz veins are inferred to have formed at temperatures <300oC during an initial phase of fluid 
influx depositing gold.  
 
13.6.3 Quartz 
Prismatic syntaxial comb structure quartz has been observed filling open spaces at vein systems at 
Waipori and other Otago vein systems, such as Nenthorn, Bonanza, Carrick Range, Barewood and 
Garibaldi (Craw & McKeag 1987; MacKenzie & Craw 1993; Ashley & Craw 1995; Stewart 2013). 
Open cavity, comb structure quartz growth textures in hydrothermal vein systems imply a very 
low pressure, forming at shallow depths <1 km (Craw & McKeag 1987). Quartz veins at the 
Bonanza vein system are composed of prismatic comb structure quartz, yet they have an estimated 
formation depth of 3-6 km. To keep these veins open fluid and load pressure must have been 
similar (Craw & McKeag 1987). Therefore, prismatic syntaxial comb structure quartz in vein 
systems across Waipori suggests emplacement depths <6 km. 
 
13.6.4 Scheelite 
A number of gold-bearing quartz veins at Waipori also contain scheelite (Table 13.2). Scheelite 
occurs in other steeply dipping Otago vein systems such as Barewood, Garibaldi and Bendigo 
(Paterson 1971, 1986; MacKenzie & Craw 1993; MacKenzie et al. 2006; Mortensen et al. 2010; 
Stewart 2013). Paterson (1971, 1986) obtained quartz formation temperatures of 230-270°C, and 
depth estimates of 5-10 km, at Bendigo using fluid inclusions. Using geothermobarometry, 
McKeag and Craw (1989) suggest Barewood formed at 300oC and 5-10 km depth (MacKenzie & 
Craw 1993). During the first stage of mineralisation at Barewood, wall rock was warped within a 
few cm’s of the faults by fault drag during normal faulting. Minor gold and scheelite was deposited. 
Later Stage mineralisation involved brittle fracturing, euhedral quartz growth and greater 
concentrations of gold and scheelite, potentially occurring at shallower levels and lower 
temperatures (MacKenzie & Craw 1993; MacKenzie et al. 2006). It is unclear whether stibnite 
veining at the nearby Hindon vein system accompanied or post-dated this second stage of 
mineralisation (MacKenzie et al. 2006). The Garibaldi vein swarm in central Otago, identified as 
middle to Late Cretaceous, consists of steeply dipping normal faults bearing scheelite (Stewart 
2013). Scheelite is also present in the deeply formed low angle Hyde-Macraes Shear Zone 
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(MacKenzie et al. 2017a). Therefore, scheelite occurs in both structurally shallow and deep vein 
systems in Otago. 
 
13.6.5 Antimony 
In active geothermal systems, metals such as As, Sb, Au, and Tl occur in enriched near-surface 
regions (Ewers & Keays 1977). Mesothermal vein systems in the Waipori goldfield may therefore 
represent a similar depositional environment as they contain Sb in the form of stibnite, boulangerite 
and tetrahedrite. Other Otago deposits, such as the Consolidated Lode at Nenthorn, Carrick Range, 
and a Sb locality at Hindon, near Barewood, have also been inferred to represent a similar 
depositional environment (Hedenquist & Henley 1985; Craw & McKeag 1987; Ashley & Craw 
1995). Craw and McKeag (1987) provide fluid inclusion evidence implying stibnite-quartz 
material formed at approximately 190°C from boiling hydrothermal fluid at very shallow near 
surface levels at the Consolidated Lode at Nenthorn. Ashley and Craw (1995) also provide a 
shallow, near surface depth estimate, <2 km, and temperatures of 150-210°C for stibnite 
mineralising in the Caples Terrane at Carrick Range, central Otago. Minor stibnite also occurs in 
the structurally deeper Macraes deposit (McKeag et al. 1989). However, the presence of visible, 
high grade stibnite in the Antimony vein system at Waipori could support the suggestion of a 
shallow, near surface depositional environment, with fluid temperatures <210°C.  
 
13.6.6 Mercury 
Mercury (Hg) is common in igneous related hydrothermal systems (Moiseyev 1971; Varekamp & 
Buseck 1984; Christie et al. 2007). Gold-bearing quartz veins and associated fluids in epithermal 
and geothermal systems can be rich in Hg (White 1981; Varekamp & Buseck 1984; Sherlock 
2005). A number of mesothermal gold bearing vein systems lacking shallow igneous activity occur 
across Otago contain elevated Hg (MacKenzie & Craw 2005a). Mesothermal vein systems across 
the Waipori goldfield contain gold with elevated Hg, as shown in this study. MacKenzie and Craw 
(2005a) found the depth of vein emplacement and Hg content of gold across Otago vein systems 
to be unrelated. The paragenesis of cinnabar, however, suggests deposition in a shallow, near 
surface, depositional environment (Moiseyev 1971; Varekamp & Buseck 1984) and fluid 
temperatures between 100-200oC (Dickson 1964; Barnes et al. 1967; Moiseyev 1968). Although 
Hg content of gold at Waipori cannot be used to determine depth of vein emplacement, the 
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presence of cinnabar in a number of vein systems could suggest a shallow depositional 
environment, and fluid temperatures <200°C. Waitahuna Heights lode is comparatively different 
to other deposits across Waipori. Due to the large visible quantity of cinnabar occurring at the 
Waitahuna Heights, it is possible the Waitahuna Heights lode was deposited in a shallower and 
lower temperature depositional environment compared to the other vein systems across Waipori. 
 
13.6.7 Calcite 
Calcite is a significant gangue mineral component in breccias and mineralised schists across 
Waipori (Table 13.2). During brecciation, an influx of large volumes of CO2 rich fluid, with a fluid 
flow 2000 times greater than the fracture volume, would be required to seal fractures (Parry 1998). 
Brittle behaviour observed in breccias and mineralised schists is inferred to have occurred at 
shallower depths as carbonate solubility decreases with decreasing PCO2 resulting from 
decompression of the fluid during the rock fracturing event (Parry 1998). Cinnabar was deposited 




The observed sense of displacement on the faults (normal), mineral textures (prismatic quartz and 
open space filling textures), ore mineral associations (gold, stibnite, cinnabar and scheelite) and 
calcite suggest the veins were emplaced at relatively shallow levels in an extensional normal fault 
setting. These textures and fault sense are similar to those reported for Nenthorn, Oturehua, 
Bonanza, Garibaldi, Benidgo and Barewood (Paterson 1986; Craw & McKeag 1987, 1989; 
MacKenzie & Craw 1993; MacKenzie et al. 2006; Mackie et al. 2009; Mortensen et al. 2010). 
Furthermore, the Waipori veins lack ductile deformation textures like those reported for the 
mineralised quartz veins at Macraes (MacKenzie et al. 2017a). For these reasons, the mineralised 
vein systems of the Waipori goldfield are estimated to have formed in a shallow depositional 
environment, with Waipori vein systems forming at depths <6 km with fluids <300°C, and 
Waitahuna Heights vein system forming at depths <3 km with fluids <200°C. Waipori vein 
systems correlate with the pulse of mineralisation that is thought to have occurred during a period 
of extension in the middle Cretaceous (106–101 Ma) (Fig. 13.8; MacKenzie et al. 2017b) rather 
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than in the Early Cretaceous, during a period of compression when the Macraes deposits formed 
(Mortensen et al. 2010). 
 
 
Figure 13.8: Time (Ma) versus crustal depth (km) schematic diagram showing the tectonic and 
metallogenic evolution of Otago Schist belt. The light blue line represents the path followed by lower 
greenschist facies rocks, and the dark blue line represents the path followed by upper greenschist facies 
rocks, of the Torlesse Terrane. The purple line represents the path followed by lower greenschist facies 
rocks of the Caples Terrane. Vein systems across the Waipori goldfield (red text), in TZIII Caples Terrane, 
have been interpreted to have formed at a similar depth to Carrick Range. Adapted from Mortensen et al. 





Chapter Fourteen: Conclusion  
The Waipori and surrounding Lake Mahinerangi area is underlain by shallowly dipping, 8o-48o, 
Otago Schist; a metamorphic unit composed of TZIII, chlorite zone greenschist facies meta-
greywacke and meta-argillite. These rocks have been folded and cut by mineralised quartz lodes. 
This thesis focused on the Antimony, Bella’s, Cox’s, Devils Creek, North O.P.Q., Nuggety Gully, 
O.P.Q., Waipori Station, and Waitahuna Heights quartz lodes of the Waipori goldfield.  
 
Mineralised veins at Waipori are hosted in well-defined steeply dipping brittle normal faults that 
cut the schist foliation at high angle, 45o-90o, and together form three broad zones that strike 
approximately northwest-southeast (Nuggety Gully, North O.P.Q. and Antimony lodes), east-west 
(Devils Creek, Cox’s and Waitahuna Heights lodes) and north-south (Waipori Station lode). A 
conjugate set of faults, involving large regional faults and small discontinuous fault hosted quartz 
veins, occur across Waipori, striking north-south and east-west. The fault zones at Waipori are 
filled with variably mineralised quartz veins, quartz and/or calcite cemented breccias and silicified 
schist. The orientations of a few mineralised faults may have been controlled by pre-existing post-
metamorphic joints in the host schist. The orientations of a few mineralised faults are perpendicular 
to the host schist quartz rodding direction. The latest movement on the faults after the emplacement 
of the quartz veins is marked by clay fault gouge. 
 
Historically worked veins typically contain arsenopyrite, pyrite and rare visible gold ± stibnite ± 
scheelite and ± cinnabar.  The sulphides commonly occur in the host schist adjacent to veins as 
well as within the veins surrounded by quartz. The veins typically contain euhedral prismatic 
syntaxial quartz that has grown into open space cavities; some lodes contain euhedral stibnite 
needles and other lodes contain cinnabar in calcite veins. Analysis of sulphides within the quartz 
veins using a Zeiss Sigma SEM with EDS shows gold occurs as free blebs in quartz and micro-
particulate inclusions in arsenopyrite and pyrite. Gold was likely transported in a fluid solution 
attached to ligands as a bisulphide complex such as AuHS° or Au(HS)2
- (Williams-Jones et al. 
2009). Fluid temperatures are estimated to be <300°C. The gold is composed of a gold ± silver ± 
mercury alloy. Gold compositions form two populations at Cox’s, North O.P.Q., Nuggety Gully, 
and Waitahuna Heights lodes. The two populations likely represent measurements from the core 
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and the edges/rims of gold grains or two separate types of gold; primary hypogene and secondary 
supergene. 
 
Tungsten is liberated from rutile during regional sub-greenschist to chlorite greenschist facies 
metamorphism (Cave et al. 2015, 2017). Liberated tungsten deposited in vein systems across 
Waipori as scheelite and ferberite. Au, As, Ag, Hg, Sb and S are liberated during the pyrite to 
pyrrhotite transition, and decomposition of sphalerite, galena and cobaltite (Pitcairn et al 2006; 
Large et al. 2012). These ore-bearing elements later deposited as arsenopyrite, gold alloys, silver, 
cinnabar and stibnite in vein systems across Waipori. The paragenesis of vein systems involves 
two main stages. Steeply-dipping fault zones are infilled with gold ± stibnite ± scheelite ± 
cinnabar-bearing veins in the first stage. This was then followed by fault reactivation in some 
lodes, producing fault gouge and fractures that are typically infilled with calcite. Later oxidation 
of sulphides such as arsenopyrite and pyrite has liberated refractory gold and some of this gold 
may have been remobilised and/or grown in situ to form supergene gold grains in the near surface 
environment. 
 
Steep normal faulting, prismatic quartz, open space filling textures, and minerals that are usually 
associated with shallow emplacement, cinnabar and stibnite, suggest the veins were emplaced at 
relatively shallow levels (<6 km), in an extensional setting. These characteristics make the Waipori 
veins similar to other Otago deposits such as Nenthorn, Oturehua and Barewood, and are thus 
correlated with the pulse of mineralisation that is thought to have occurred during a period of 
extension in the middle Cretaceous (Mortensen et al. 2010).  
 
Although the vein systems contain visible gold, the sporadic nature of the vein systems, the size 
of the vein systems, what is left from historic mining, and ore occurrences within veins suggests 
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Appendix 1: Digital Notebook 
 
Type Sample Type Field I.D. Easting NZTM2000 Northing NZTM2000 OU Number SEM-EDS XRD
Outcrop Schist DCC-1A 1354037 4929432 OU85700 X
Outcrop Schist DCC-2A 1352720 4929528 OU85701 X
Outcrop Schist CIN-3A 1360783 4911316 OU85702 X
Outcrop Schist SCH-1A 1356785 4925192 OU85703 X
Location Waitahuna Heights lode 1360795 4911182
Location Waitahuna Heights waste pile 1361057 4911233
Sample Silicified schist CIN-1MS 1361057 4911233 OU85704 X
Sample Silicified schist CIN-2MS 1361057 4911233 OU85705
Sample Mosaic breccia CIN-1BR 1361057 4911233 OU85706 X
Sample Chaotic breccia CIN-2BR 1361057 4911233 OU85707
Location Antimony lode No.1 1348223 4924481
Location East end of Antimony mine trench 1347970 4924576
Location West end of Antimony mine trench 1347919 4924591
Sample Schist, vein ANT-1SV 1348223 4924481 OU85708 X
Sample Schist, vein ANT-2SV 1347919 4924591 OU85709 X
Sample Cataclasite ANT-1CT 1348223 4924481 OU85710 X
Sample Quartz vein ANT-1QV 1348223 4924481 OU85711 X
Sample Quartz vein ANT-1OV 1347970 4924576 OU85712 X
Sample Quartz vein OU35756 X
Sample Quartz vein BEL-1QZ OU85713
Sample Chaotic Breccia OU44498 X
Location Cox's lode No.1 1356761 4925234
Location Cox's lode No.2 1356755 4925232
Sample Quartz vein COX-1QZ 1356761 4925234 OU85714 X
Sample Quartz vein COX-2QZ 1356761 4925234 OU85715
Sample Quartz vein COX-3QZ 1356761 4925234 OU85716
Sample Fault gouge COX-1FG 1356761 4925234 X
Sample Schist COX-1HW 1356755 4925232 OU85717 X
Sample Schist COX-1FW 1356755 4925232 OU85718 X
Location Devils Creek lode 1352712 4929551
Sample Quartz vein DEV-1QZ 1352712 4929551 OU85719 X
Sample Schist DEV-1HW 1352712 4929551 OU85720 X
Sample Schist DEV-1FW 1352712 4929551 OU85721 X
Location North O.P.Q. lode 1358191 4918360
Sample Quartz vein NOPQ-1QZ 1358191 4918360 OU85722 X
Sample Quartz vein NOPQ-2QZ 1358191 4918360 OU85723
Sample Quartz vein NOPQ-3QZ 1358191 4918360 OU85724
Sample Quartz vein NOPQ-4QZ 1358191 4918360 OU85725
Sample Fault gouge NOPQ-1FG 1358191 4918360 X
Location Nuggety Gully lode 1358600 4920612
Sample Quartz vein NUG-1QA 1358600 4920612 OU85726 X
Sample Quartz vein NUG-2QA 1358600 4920612 OU85727
Sample Quartz vein NUG-1QB 1358600 4920612 OU85728 X
Sample Fault gouge NUG-1FG 1358600 4920612 X
Sample Schist NUG-1HW 1358600 4920612 OU85729 X
Sample Schist NUG-1FW 1358600 4920612 OU85730 X
Location O.P.Q. waste pile 1358383 4918131
Sample Silicified schist OPQ-1T 1358383 4918131 OU85731 X
Sample Chaotic breccia OU35768 X
Sample Chaotic breccia OU44499 X
Location Waipori Station lode external outcrop 1358076 4918935
Location Waipori Station adit 1358073 4918948
Sample Chaotic breccia WS-1BR 1358076 4918935 OU85732 X
Sample Chaotic breccia WS-2BR 1358073 4918948 OU85733 X
Sample Fault gouge WS-(2-8)FG 1358073 4918948 X
Sample Schist WS-1HW 1358076 4918935 OU85734 X
Sample Schist WS-1FW 1358076 4918935 OU85735 X
Location Canton battery 1358173 4917252
Location Victory waste pile 1358543 4917363
Location Bootlemans workings 1352025 4929566
Location Waitahuna copper lode adit 1355554 4914056
Location South Cox's 1356254 4924607
205 
 
Appendix 2: SEM-EDS Methods, Details and Analyses 
Major element mineral geochemistry was analysed on the scanning electron microscope (SEM) by 
electron dispersive spectroscopy (EDS) at the Otago Centre for Electron Microscopy at the 
University of Otago. Polished thin sections were carbon coated using an Edwards E306A vacuum 
coating system. Samples were analysed using the Zeiss Sigma VP FEG Scanning Electron 
Microscope, fitted with a HKL INCA Premium Synergy Integrated EDS/EBSD.  
 
Operating conditions: EHT of 15 kV (10kV at times for images), an aperture of 120 µm (60 µm at 
times for images), and a working distance of 8.5 mm. The electron beam was calibrated using a 
cobalt standard. EDS data collection, analysis and standardisation was carried out on AZtec 
software by Oxford Instruments. Minerals were standardised using different standard files created 
for specific mineral sets. These standard files were created using a standard block of minerals with 
known compositions. Minerals used for standardisation were selected for similar compositions, 
Au-Ag alloy and HgTe. Au, Ag, Te and Hg were calibrated for each standard file. The following 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Waitahuna Heights Cox's North O.P.Q. North O.P.Q. (continued) Nuggety Gully vein A Nuggety Gully vein B
Ag Au Hg Ag Au Hg Ag Au Hg Ag Au Hg Ag Au Hg Ag Au Hg
3.25 89.28 7.46 3.28 88.35 8.37 0 97.97 2.03 6.81 83.56 9.63 3.11 96.52 0.37 4.82 87.45 7.73
3.65 89.46 6.89 0.89 96.22 2.89 0.63 97.71 1.67 2.85 93.48 3.67 1.91 97.88 0.21 4.87 88.08 7.05
3.67 88.62 7.71 0.77 98.77 0.45 5.76 90.72 3.53 4.96 91.15 3.89 1.02 97.19 1.79 4.52 88.76 6.72
3.01 89.66 7.33 2.48 97.52 0 6.62 85.22 8.16 6.47 86.36 7.17 2.41 97.59 0 4.99 87.99 7.01
0 97.58 2.42 0.92 99.08 0 6.3 83.67 10.03 4.38 88.07 7.55 2.27 95.45 2.28 4.97 87.15 7.88
0.42 97.58 2 0.26 98.76 0.98 4.41 87.1 8.48 4.67 92.66 2.67 4 95.62 0.37 3.09 90.18 6.73
2.2 94.2 3.6 4 93.76 2.25 4.69 87.37 7.94 4 92.69 3.31 4.5 91.31 4.19 5 86.65 8.34
3.5 93.75 2.75 0 99.77 0.23 4.14 86.14 9.71 4.92 91.31 3.77 3.64 93.17 3.18 4.7 92.13 3.17
0.31 99.04 0.65 0 100 0 4.18 92.7 3.11 5.57 89.03 5.39 2.26 95.1 2.64 5.27 90.85 3.87
0.38 98.55 1.07 0 99.03 0.97 5.52 90.41 4.06 4.98 91.53 3.49 5.27 87.44 7.29 5.23 88.8 5.97
3.56 93.54 2.9 0.08 98.81 1.12 4.22 89.32 6.47 4.57 91.63 3.8 6.8 92.41 0.79 4.35 90.89 4.76
0.18 98.03 1.78 5.15 94.85 0 1.45 96.44 2.1 5.33 92.39 2.28 5.19 90.22 4.58 4.94 92.25 2.81
4.61 94.24 1.15 4.07 90.58 5.34 3.97 90.09 5.94 0.32 96.03 3.65 5.97 89.24 4.79 4.69 89.74 5.57
4.12 93.63 2.25 0 100 0 4.78 90.64 4.57 2.4 95.32 2.28 6.43 89.64 3.93 4.84 88.51 6.65
0.05 98.09 1.86 0.48 97.81 1.7 0.54 96.82 2.64 4.28 90.75 4.97 5.96 91 3.04 5.15 89.42 5.43
1.13 96.69 2.18 0.23 99.16 0.61 5.18 92.11 2.71 1.9 88.59 9.51 5.81 89.53 4.66 5.02 89.57 5.41
0 97.09 2.91 0.24 98.81 0.95 4.91 88.13 6.96 4.12 86.33 9.54 4.63 95.37 0 6.31 85.7 7.99
3.96 92.93 3.11 3.79 93.95 2.26 4.79 87.7 7.5 1.54 94.91 3.55 5.27 90.87 3.86 6.2 86.84 6.96
4.52 93.44 2.04 4 92.25 3.75 4.48 88.12 7.39 3.24 93.65 3.11 5.84 92.04 2.12 4.45 88.13 7.42
0.66 97.34 2.01 0 99.8 0.2 5.06 89.89 5.05 4.98 90.54 4.48 5.54 90.07 4.39 5.72 87.44 6.84
4.55 93.84 1.61 1.53 96.95 1.53 5.48 87.35 7.17 5.44 92.18 2.37 6.27 93.52 0.21 4.24 90.02 5.74
4.9 92.1 3 0.17 99.83 0 4.87 86.91 8.22 5.83 90.89 3.28 0.01 99.17 0.82 2.17 95.88 1.95
7.32 89.2 3.48 3.76 95.69 0.55 2.05 95.29 2.66 3.32 91.66 5.02 3.8 94.45 1.75 2.14 97.01 0.85
0.35 97.97 1.68 1.43 98.57 0 5.26 92.09 2.65 3.95 90.49 5.56 4.6 90.75 4.65 0.47 97.45 2.09
9.57 87.81 2.62 3.17 93.88 2.95 3.08 91.85 5.06 2.8 91.73 5.47 5.02 90.09 4.89 5.46 89.5 5.05
7.94 89.11 2.95 0.89 99.11 0 0 98.45 1.55 0.23 96.65 3.12 3.16 96.67 0.17 0.17 97.55 2.28
3.61 88.32 8.06 0 98.83 1.17 4.83 88.03 7.14 0 98.7 1.3 5.53 90.08 4.39 0.39 99.3 0.31
3.61 88.66 7.72 0 97.69 2.31 4.77 89.07 6.16 0.27 98.85 0.88 5.21 94.79 0 0.75 98.55 0.7
4.12 88.67 7.21 1.04 98.94 0.02 5.07 88.93 6 5.76 92.96 1.29 5.05 89.67 5.28 0.8 99.12 0.08
3.57 88.95 7.48 1.36 98.64 0 1.33 96.77 1.9 5.6 90.65 3.75 2.18 94.07 3.75 5.97 93.3 0.73
3.71 89.97 6.31 0 99.28 0.72 3.68 93.76 2.57 2.62 91.17 6.2 0.68 99.32 0 1.51 97.57 0.92
2.73 90.85 6.41 3.41 87.91 8.69 4.99 90.51 4.5 1.07 97.3 1.63 5.12 88.75 6.13 2.73 94 3.27
4.86 88.74 6.4 3.18 95.09 1.73 5.59 91.96 2.45 4.41 88.13 7.46 6.46 89.77 3.78 4.07 95.44 0.49
5.6 87.86 6.54 0.37 99.42 0.21 4.84 88.91 6.25 5.37 89.67 4.96 1.1 98.9 0 6.38 89.29 4.33
5.05 88.48 6.47 2.46 96.03 1.51 0 96.58 3.42 2.62 96.41 0.97 6.48 90.04 3.48 6.22 89.49 4.29
5.23 90.01 4.75 3.59 87.26 9.15 3.28 92.3 4.42 1.02 96.56 2.42 6.95 90.17 2.88 6.45 89.54 4.01
5.47 88.26 6.26 4.31 95.59 0.1 0.6 98.02 1.38 2.48 96.35 1.17 6.94 92.56 0.5 6.75 88.42 4.84
5.47 89.34 5.19 4.04 95.96 0 1.07 94.83 4.1 3.8 93.81 2.39 5.46 89.71 4.84 6.54 89.36 4.09
4.45 90.4 5.15 3.45 90.09 6.46 4.35 85.63 10.02 4.23 87.53 8.24 5.34 90.35 4.31 5.77 90.87 3.35
5.1 88.59 6.31 0.44 99.16 0.4 3.33 84.77 11.9 5.02 88.25 6.73 5.34 91.88 2.78 5.19 89.1 5.71
4.05 95.95 0 4.34 89.74 5.92 4.7 89.21 6.09 5.54 91.52 2.93 5.15 88.27 6.58
4.51 88.94 6.56 3.75 89.08 7.17 5.28 90.33 4.39 5 90.76 4.25 5.2 89.61 5.19
0.96 98.25 0.8 4.94 87.97 7.09 0.92 96.9 2.18 4.62 91.05 4.33 4.69 89.04 6.27
3.35 89.98 6.67 2.7 93.23 4.07 4.73 91.25 4.02 5.73 89.15 5.12 2.21 94.84 2.96
0.84 99.16 0 2.08 90.05 7.87 4.59 89.2 6.21 4.93 92.09 2.98 5.31 90.62 4.08
2.85 96.7 0.45 6.58 90.48 2.94 1.23 96.43 2.34 0.96 99.04 0 5.06 89.2 5.74
1 98.6 0.4 5.11 88.52 6.38 5.5 88.12 6.38 5.12 90.51 4.36 5.02 87.96 7.02
0.15 99.06 0.79 2.39 94.58 3.03 4.14 86.96 8.9 6.54 89.42 4.04 4.8 88.99 6.21
0.69 99.31 0 4.07 90.44 5.49 2.57 90.7 6.73 4.85 92.38 2.77
1.19 98.64 0.17 5.26 89.98 4.76 0.25 97.86 1.89 4.27 90.71 5.03
3.98 93.52 2.51 2.15 96.51 1.34 0.96 98.39 0.65 0.16 98.21 1.62
3.74 95.98 0.29 5.27 90.65 4.08 1.1 96.53 2.37 1.63 96.69 1.68
1.35 96.79 1.86 1.44 95.97 2.58 4.05 90.48 5.48 4.91 89.71 5.37
0.19 99.81 0 0.22 97.95 1.84 4.55 89.33 6.12 6.13 89.82 4.05
0.49 99.51 0 5.41 92.9 1.69 4.59 93.57 1.85 5.76 90.5 3.74
3.1 94.04 2.87 1.47 97.27 1.26 3.84 91.21 4.94 2.24 97.07 0.68
4.37 94.5 1.13 1.43 96.3 2.28 4.67 90.87 4.47 0.33 99.65 0.02
4.09 92.15 3.76 2.39 95.67 1.94 4.52 90.81 4.67 4.92 88.56 6.53
1.01 98.99 0 1.1 97.31 1.59 4.73 90.22 5.05 4.47 86.91 8.61
0 99.82 0.18 4.3 88.58 7.11 5.5 90.41 4.09
3.66 91.22 5.12 1 95.74 3.26 5.83 87.87 6.3
3.85 95.25 0.9 1.4 96.69 1.91
0 100 0 0 97.88 2.12
0 99.34 0.66 0.42 98.37 1.21
0.01 97.51 2.48 0 98.86 1.14
4.11 91.86 4.03 4.65 88.57 6.78
4.25 94.88 0.87 0.26 95.9 3.84
4.29 94.24 1.48 3.47 88.83 7.7
4.97 94.27 0.76 6.28 90.41 3.31
0 99.84 0.16 6.48 88.69 4.83
0 99.68 0.32 7.08 85.37 7.55
1.07 97.69 1.24 6.91 88.8 4.29
4.85 92.38 2.77 4.79 89.82 5.39
0.28 98.55 1.17 4.79 89.11 6.09
0.04 99.96 0 4 91.33 4.67
4.69 93.96 1.35 4.88 90.56 4.56
214 
 
Appendix 3: XRD Analytical Details and Analyses 
X-Ray diffraction (XRD) analysis of samples was carried out in the Geology Department at the 
University of Otago. Analyses were conducted using Panalytical X’pert Pro MPD System 
PW3040/60, with a maximum operating rating of 60 kV, 60 mA and standard operating conditions 
of 40 Kv. Samples were crushed by hand using quartz crushing pestle equipment before being 
added to clean glass slides with ethanol. Slides were left to dry before being analysed. Prepared 
slides were used on a fixed standard slide mount and analysed using a 1 degree 20 minute scan 
over a 2θ range of 3-80°. Data was collected using PANalytical X’Pert software and processed on 
PANalytical X’Pert HighScore Plus V4.1 software using a standard reference ICDD DD4-4 2014 
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Easting_NZTM Northing_NZTM Dip azumith Dip Easting_NZTM Northing_NZTM Lineation Plunge Easting_NZTM Northing_NZTM Axial plane Dip Dip direction
1356761 4925234 88 18 1356761 4925234 178 7 1356938 4923387 175 15 E
1356755 4925232 86 10 1356755 4925232 165 3 1352364 4921244 175 23 W
1356785 4925192 85 8 1358600 4920612 171 17 1352231 4921610 151 12 SW
1357990 4920475 140 30 1358383 4918131 150 27 1352637 4929233 330 10 NW
1358600 4920612 130 34 1356360 4924541 170 10 1352567 4929731 275 18 S
1358191 4918360 150 32 1356658 4924625 168 4
1358383 4918131 128 32 1358637 4925656 170 14 Extra measurements
1352130 4922037 178 22 1358986 4924926 180 14 Easting_NZTM Northing_NZTM Structure Dip Direction Dip
1356360 4924541 80 12 1359526 4924349 170 14 1356885 4923591 Fx, fold 138 90
1356658 4924625 80 6 1360551 4923080 172 12 1356885 4923591 Fx, fold 300 88
1358637 4925656 106 25 1361586 4922374 168 12 1347919 4924596 Fx, fold 25 72
1358986 4924926 106 22 1361181 4921209 172 18 1347919 4924596 Fx, fold 8 67
1359526 4924349 95 25 1359631 4919955 166 22 1347949 4924579 Fx, fold 320 90
1360551 4923080 104 18 1359412 4918178 168 12 1347949 4924579 Fx, fold 323 85
1361586 4922374 110 26 1358089 4919025 172 10 1347949 4924579 Fx, fold 85 87
1361181 4921209 128 20 1358076 4918935 172 28 1352728 4929546 Jt, joint 170 78
1359631 4919955 174 28 1360155 4918447 178 40 1352728 4929546 Jt, joint 177 80
1359412 4918178 156 30 1356938 4923387 175 5 1352712 4929551 Qv, vein 163 70
1358089 4919025 152 20 1356885 4923591 346 5 1349144 4922816 Qv, vein 345 67
1358076 4918935 143 30 1354263 4929522 160 25 1349144 4922816 Qv, vein 352 55
1360155 4918447 158 43 1354036 4929432 159 14
1349144 4922816 215 30 1354037 4929432 158 10
1348282 4924426 227 20 1352810 4929121 167 8
1348123 4924584 258 33 1352637 4929233 350 8
1348028 4924626 231 37 1352351 4929089 347 7
1347916 4924589 235 32 1352567 4929731 180 5
1347933 4924615 236 29 1352720 4929528 175 5
1347949 4924579 194 20 1352728 4929546 177 5
1360783 4911316 196 18 1352393 4929711 349 6
1360981 4911017 188 12 1352249 4929568 349 5
1354036 4929432 147 32 1351909 4929623 353 11
1354037 4929432 92 16 1352153 4929495 345 2
1352810 4929121 98 23 1349144 4922816 160 12
1352637 4929233 39 23 1348282 4924426 171 14
1352351 4929089 50 12 1348123 4924584 173 6
1352567 4929731 178 26 1347916 4924589 169 5
1352471 4921917 174 44 1347933 4924615 171 5
1352405 4921629 181 30 1360783 4911316 186 8
1351955 4921019 158 36 1360981 4911017 180 12
1352309 4921408 181 34 1354263 4929522 160 25
1352231 4921610 168 28 1354036 4929432 159 14
1349131 4922764 230 35 1354037 4929432 158 10
1352720 4929528 186 27 1352810 4929121 167 8
1352364 4921244 170 28 1352637 4929233 350 8
1352728 4929546 170 24 1352351 4929089 347 7
1352393 4929711 158 5 1352567 4929731 180 5
1351909 4929623 45 26 1352720 4929528 175 5
1352223 4921188 183 24 1352728 4929546 177 5
1352153 4929495 78 12 1352393 4929711 349 6
1352249 4921901 180 35 1352249 4929568 349 5
1356938 4923387 165 14 1351909 4929623 353 11
1350942 4922189 187 36 1352153 4929495 165 2
1349012 4922900 225 46 1356938 4923387 150 5
1348754 4923620 201 38 1356885 4923591 346 5
1348928 4923571 205 40 1352471 4921917 165 18
1356885 4923591 140 18 1352405 4921629 175 18
1352364 4921244 160 21
1352223 4921188 163 15
1351955 4921019 165 20
1352231 4921610 164 28
1352249 4921901 165 33
1350942 4922189 155 32
1348928 4923571 163 14
1349131 4922764 162 10
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Appendix 5: Summary of Waipori Lodes 
Details on the structure, historic workings and vein system mineralogy of Waipori lodes 
established over the course of this study have been compiled in collaboration with historic reports 
across the area. Details on Waipori lodes produced from this study are in black text. Coordinates 
in NZTM2000 Datum New Zealand Transverse Mercator Projection. Previously noted details on 
Waipori and Waitahuna lodes are in blue text. Adapted from Anon (1966), Riley and Coleman 
(1972), and Grieve (1994). F.W. = footwall, H.W. = hangingwall.  
 
Lode Strike Dip Description Workings 
Antimony 108
 o 72 o NE High grade stibnite deposit. Stibnite 
encrusted with Sb-oxides romeite and 
stibiconite. Also contains pyrite, 
arsenopyrite, sphalerite, galena, tetrahedrite, 
cinnabar, scheelite, calcite, cobaltite, 
gersdorffite and gold. Gypsum associated 
with scheelite. Chalcopyrite present. 
1.2-1.5 m lode formation 1.5’ stibnite bearing 
material. Country schist horizontal at lower shaft 
and strike 135 at upper shaft with dip 45 SW. 
Two shafts and a trench identified. (a) Open 
shaft, abundant stibnite, inaccessible, E 1348223 
N 4924481. (b) Trench overgrown, nearby shaft 
filled in, E 1347919 N 4924596. 
Cox’s 94
o 45-90o N What is left of the fault hosted quartz veins 
is 3 cm wide. Visible gold and arsenopyrite. 
Also contains pyrite, galena and scheelite. 
Three levels but workings do not extend to great 
depth. Identified two levels of workings.  
E 1356762 N 4925234.  
Devils Creek 73
o 70o S What is left of the fault hosted quartz vein is 
15 cm wide. Visible arsenopyrite. Also 
contains pyrite, galena, scheelite and gold. 
Two adit workings on either side of Devils 
Creek. (a) Working inaccessible, appears to be 
very small, E 1352686 N 4929552.  
(b) Accessible but flooded, quartz vein,  
E 1352712 N 4929551. 
North O.P.Q. 158
o 58o NE What is left of the fault hosted quartz vein is 
5 cm wide. Visible gold and arsenopyrite. 
Also contains scheelite, galena and cinnabar. 
Adit working through fault plane. Collapsed at 
the end. E 1358191 N 4918360. 







(Main vein A) What is left of the fault hosted 
quartz vein is 15 cm wide. Visible gold and 
arsenopyrite. (Vein B) Contains 
arsenopyrite, silver and gold. 
Large adit, base flooded, E 1358600 N 4920612. 
Extensive alluvial workings above and up 
through the gully. 
Waipori 
Station 
4o 72o E Quartz vein, 7cm wide, and breccia, 15 cm 
wide. Contains pyrite, arsenopyrite, 
chalcopyrite, boulangerite, cobaltite, 
scheelite, ferberite and gold. 
(a) Exterior outcrop has small quartz vein,  
E 1358076 N 4918935.  
Small adit south of outcrop, extensive fault zone, 
E1358073 N 4918948. 
Waitahuna 
Heights 
93o 64o N (a) Material from adit extensively weathered. 
Contains gold, cinnabar and pyrite. 
(b) Visible cinnabar in mineralised schist 
from the waste pile. Also contains pyrite, 
chalcopyrite, galena, tetrahedrite and calcite. 
(a) One adit located. Roof possibly collapsed 
resulting in very narrow adit, 50 cm. Highly 
weathered. E 1360795 N 4911182. In broken 
schist formation 4’ wide in streaks and bunched 
on H.W. only. (b) Waste pile of an inferred adit 







- Wide lode formation of sheared, broken, 
contorted mica schist with bodies of Au-
quartz on F.W. Au in mullock of lode 
formation. Up to 1.2 m thick. 
Shaft to 180’ but work restricted to 75’ level. 
Levels on lode 100’ to south, and 60’ north of 
shaft. Old battery still standing. Area in swamp. 






50o E Variable width of crushed schist. Qtz not 
continuous. Walls of lode not defined. Qtz 
bodies irregular, frequently near F.W. 
Seamed with pyrite and arsenopyrite. Reef 
up to 6 m thick. Visible pyrite and 
arsenopyrite in mineralised schist tailings. 
Also contains galena, boulangerite, calcite 
and gold. 
Mined to 284’ vertical, 450’ horizontal, with 
shafts and drifts. Inaccessible shaft and waste 
pile remain. E 1358383 N 4918131. 
Victory 
 
- - Schist in waste pile. Waste pile and rusted equipment all that remain. 
Area in a swamp. E 1358543 N 4917363 
South Cox’s - - - Overgrown pit. E 1356254 N 4924607. 
Bootlemans - - Considerable qtz and rhodonite in gully.  Large drift, now filled with water, 3 stamp 
battery erected. No results known. Outcrop 
covered by alluvium. Devils Ck lodes, Boatman, 
Bootleman potentially same mineralised system. 
Alluvial workings flooded and overgrown.  
E 1352025 N 4929566.  
Deep Stream 83




82o 15o S Limonitic gossan. Cu, Ag, Au present. Shaft sunk to 70’ in 1882. Shaft filled with 
water. Adit still intact.  
E 1355554 N 4914056. 
Bella’s 90
o Approx.  
vertical 
Maximum 1.8 m. Gold and trace scheelite 
present. On a branch of Long Gully, 8 km 
from Waipori. Contains pyrite, arsenopyrite, 
chalcopyrite, stibnite, cinnabar, tetrahedrite 
and calcite. 





62o E Small thin quartz vein with considerable 
mullock formation (approx. 3’). Scheelite 
irregularly distributed on H.W. 







Gold present. Considerably well worked. Workings now 
hidden. 
Cemetery - - Considerable quartz and rhodonite in gully. Outcrop covered by alluvium.  
Lammerlaw 
Mountains 
135o 60oS Scheelite, Au, Sb, arsenopyrite, Hg Occurs along bed of Stony Ck. High grade vein, 
potential target. 











No gold or silver in assay. 
South side of Stony Creek. Coarse alluvial gold 
in gully below. Maximum 0.91 m wide. 
Above Fulton’s and west side of Stony Creek, 1 
mile below the antimony lode. Outcrop traced 
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Quartz 0.15-0.22 m wide. Ag, Au, 
wolframite and scheelite present. 
a) qtz very white, <6” wide. 
b) - 
Surface workings. 
(a,b) 274 m S of cosmopolitan.  
(c) 0.8 km further S qtz boulders on hillside but 
no lode seen. 
Workings hidden in dense shrub. 
Fiddlers 92
o - Au and Ag. Surface workings. 
 
 
